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SUMMARY*
Carbon deposition on alloys of iron with chromium and nickel 
has been investigated using acetone vapour in a carrier gas of carbon 
dioxide at atmospheric pressure. At 700°C, carbon deposition and 
oxidation were extensive on iron and an iron/nickel alloy. The carbon 
was invariably in filamentary form, and most profuse on the nickel- 
containing material. The oxide formed when carbon was deposited 
resembled that commonly referred to as ,fbreakaway" type, whereas in the 
absence of carbon, normal crystalline magnetite was in evidence.
Deposition at 500°C was negligible but could be detected using X-ray 
photo-electron spectroscopy for surface analysis. Adding a sulphur- 
bearing compound to the gas was effective in inhibiting carbon 
deposition, but carburisation of the underlying metal continued unchecked.
From a review of the relevant literature and examination of 
the results, a mechanism is proposed concerning the initiation of carbon 
filament growth on ferrous materials. The way in which sulphur affects 
the growth of carbon filaments is considered together with its lack of 
effect on carburisation. The whole field of carbon deposition, 
carburisation and oxidation is brought together for discussion by 
considering attack by hydrocarbon gases at high pressure, commonly called 
"metal dusting", on steels used in the gas industry.
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CHAPTER 1. INTRODUCTION.
Carbon deposition and carburisation on steels in industrial 
plant can be a serious problem. A particularly aggressive form of 
attack which has been known for some 30 years and yet has not been 
adequately controlled has been termed "metal dusting". This is a form 
of metal deterioration which occurs in gases containing carbon 
monoxide or hydrocarbons at elevated temperatures. One reason for 
its catastrophic aggressiveness appears to be that it involves carbon 
deposition, carburisation and oxidation, all combining to produce 
corrosion at a rate far higher than could reasonably be expected from 
a consideration of the materials involved and the operating temperature 
to which they are subjected.
In order to examine the mechanisms behind this attack in 
detail, the individual components of carbon deposition, carburisation 
and oxidation were taken separately and their relevant literature 
reviewed. From this it appeared that the least understood part of the 
process was carbon deposition, and this thesis has concentrated on 
obtaining a detailed understanding of this part of the subject. Two 
main areas of interest were investigated. The first was the nature of 
the surface during the initiation stages before carbon deposition 
commenced. The analysis tool used for this work was the X-ray electron 
spectrometer. The surface compositions likely to be present at the start 
of carbon deposition were catalogued and the work was then extended 
to include an examination of the way in which carbon grows on a metal 
surface, including how its morphology and extent vary with material 
and gas composition. For this work, the scanning electron microscope 
and the electron probe microanalyser were extensively used.
CHAPTER 2. LITERATURE REVIEW.
2.1. METAL DUSTING.
2.1.1. History.
Corrosion involving scaling and carbon deposition
1 2  3has been a problem since the turn of the century ’ } , but it
was not until the ±940*s that it became a major industrial nuisance.
One of the first serious cases of metal dusting corrosion was reported 
. 4
by Camp, Phillips and Gross , who studied failure of stainless steel
tubes subject to carburisation and pitting in an industrial plant.
By simulation in laboratory experiments they showed that the,
corrosion was not specific to any one gas, but they could not
determine any mechanism or define the cause of the corrosion. They
noted that when sulphur was present in the gas, this attack did not
occur, nor did any "coking" of the tubes take place.
In another instance low sulphur content of the gas was
thought to have contributed to the attack, as mentioned by Burns'*
in 1950. Similar circumstances of severe pitting and eventual
failure were referred to, and sooty carbon deposits around the
corroded sections were noted.
It was in 1959 that the first real attempts were made to
6understand the problem; Hoyt and Caughey reviewed the circumstances 
surrounding the failure of stainless and plain carbon steels in 
atmospheres containing H^ and CO. They proposed a mechanism of 
catalytic decomposition of the CO to carbon and CO^ followed by loss 
of metal into this carbon ( and carbon into the metal ) which was 
subsequently carried away by abrasion of the gas stream. This 
mechanism was supported by the appearance of the corrosion pits and 
the accompanying carburisation.. They also mentioned that increasing 
the nickel content without increasing the chromium content could
increase susceptibility to the attack,
7Prange investigated the behaviour of stainless steels 
in a butane dehydrogenation plant. Again, the appearance of the 
corroded metal was similar, but as he could only detect oxide 
particles in the carbon deposit, he was not able to support the 
mechanism in which metallic particles were an active intermediary. 
However, in one situation he found metallic nickel in a dispersion . 
which could have been produced if vapour phase transport by an 
unstable compound had been involved; he offered no further evidence 
to substantiate this hypothesis.
8At about the same time, Eberle and Wylie published a
paper on metal wastage due to attack by synthesis gas. They mentioned
that metallic particles were present in the carbon scale, but attributed
most of the damage to cyclic carburisation and oxidation. At the
temperatures involved, it appeared that gas phase intermediaries
(carbonyls) were not likely to be present (up to 1000°C).
A thermodynamic analysis following the occurrence of
metal dusting outlined by Hoyt and Caughey was submitted by Lefrancois 
9and Hoyt . Ultimately, they found the affinity of chromium for carbon 
to form carbides in the grain boundary and breakdown of the normally 
protective oxide film to be responsible for the corrosion. Their 
conclusions do not appear to agree with previous observations that
an increase in chromium content reduces the tendency for corrosion
, 6 to occur ,
The magnitude of the problem was such that in 1967, NACE
organised a symposium on metal dusting to attempt to come to an
understanding of the corrosion. However, it was still not possible
to provide a thorough description of the reaction. A working party
10was set up by NACE, and the final report by Hochman summarises
most of the up-to-date knowledge on the subject. The report mentions 
a series of typical conditions which favour the onset of metal 
dusting. These are:
Environment : gas phase, potentially carburising and reducing, 
with or without oxygen.
Temperature : usually 450-800°C.
Form : localised or general pitting, and/or general
surface wastage; surface usually carburised.
Product : dust or powder composed of graphite mixed with
metal, metal carbides and metal oxides.
The attack occurs frequently, but not exclusively, at high 
pressures.
2.1.2. Metal dusting in Gas Hydrogenators.
The recurrence of interest which led to the present study
was initiated by a corrosion problem in gas hydrogenators belonging
11
to the North Western Gas Board. In the hydrogenator, lean gas -
principally hydrogen with 1-5% carbon monoxide - is injected with
o 2naptha at 550 C and 350 psi (2.4 MNm ), the reaction product being
domestic gas; the main reaction occurring is :
C H + nH ■ = nCH, (Exothermic)
n 2n 2 4 v ' .
The gas is circulated around the reaction tube, as described 
in figure 1 , nine volumes of recirculated gas being enriched with one 
volume of new mixture, and the final reaction temperature is 725°C.
A heat exchanger is incorporated in the inlet/outlet system, and the 
hydrogenation temperature is controlled by the degree of preheat of 
the reactants. Corrosion was found to be taking place in the heat 
exchangers and the reaction tubes, which are constructed in 18/8 
chromium/nickel stainless steel (titanium stabilised): the conditions
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Figure 1
and results are in accord with Hochman’s generalisation of metal 
dusting. Part of a corroded tube is shown in figure 2.
When running with normal feedstock, i.e. naptha containing 
a certain amount of sulphur, no corrosion occurred, but when sulphur- 
free naptha was used, corrosion was very rapid. A very hard layer of 
carbon was formed on the surface, although in areas where the deposit 
was very thick, the carbon was much softer and more powdery. The 
heat exchangers suffered very serious corrosion : in the "tube and
shell” type, where there is a-*slow flow rate of gas, pitting occurred,
whereas in the "coil" type (fast gas flow rate), general wastage 
took place.
2.1.3. General Description of the Corrosion Product.
Whenever this form of attack occurred, it was found that
even in a zone well into the bulk metal extensive carburisation was
always present, the grain boundaries being most severely attacked.
In some cases there was a zone of decarburisation in the predominantly
V
8
carburised areas . The carburised regions occurred beneath pits in
the surface and were frequently very localised. At the surface
itself, very severe carburisation was in evidence, and from this
region the carbon or carbides were seen to extend down grain
boundaries into the underlying metal.lit is probable that this
carburisation leads to the pitting observed where grains appear to
. 9have been prised out of the metal by ingress of carbon or carbide
or by complete matrix consumption^. The pitting was very irregular
and localised. On top of the metal surface, "growth" of filaments
10 12of carbon containing metal particles is commonly reported 9 . Also,
carbides and oxides have been identified in the surface reaction 
products, which are often quite voluminous.
•>«'<; f fc 
'
FIGURE 2.
With regard to products in the gas phase, studies by 
Hochman^ have shown only CO, CO^ and organic materials to be present. 
No carbonyls or metal-containing vapours could be detected.
2.1.4. Mechanisms Proposed.
Most of the early work did not produce any ideas about
9the mechanism of metal dusting. However, Lefrancois and Hoyt 
suggested decomposition of the gas (in this case mainly CO) by 
catalytic reaction with exposed metal according to the Boudouard 
reaction :
2C0 = C02 + C
The carbon would then enter the matrix and produce
precipitation of Cr C at grain boundaries. Eventually, all the
23 6
chromium would be converted to the carbide and with the appreciable 
change in density accompanying this reaction the grains could be 
either lifted off from the matrix or they could disintegrate. They 
also suggest that direct reaction of chromium with CO or hydrocarbons 
can produce the carbide - however if this is the case it is not 
clear how they explain why a steel with a higher chromium content 
has a better resistance to metal dusting attack^. Also, since metal 
dusting can occur on iron and alloys not containing chromium"^, the 
theory appears to rely too heavily on the role of chromium and its 
affinity for carbon,
8Eberle and Wylie were the first to suggest that some 
kind of cyclic oxidation/carburisation or oxidation/reduction process 
may be involved; this was due in their, case to changing conditions 
in the reaction vessel. Hochman^ carried this a stage further by 
suggesting that corrosion proceeding in natural stages without a 
change in the composition of the gas could produce a sequence of carbide
production and disintegration. This work by Hochraan is the report of 
a ten year investigation into metal dusting and the observations 
must therefore be treated.seriously. In his final analysis, Hochman 
gives a clear account of the processes occurring in metal dusting* 
These are :
1) Adsorption of CO on the surface.
2) Breakdown of CO via the Boudouard reaction.
3) Diffusion of carbon into the surface.
4) Build-up of carbon in solution, decoration of dislocations 
and subgrain boundaries with carbon.
5) Precipitation of Fe C at areas of higher C concentration.
3
6 ) Having reached the critical concentration of Fe_C in the
3
ferrite matrix, the cementite decomposes regenerating 
carbon and iron, and precipitation of sub-carbides.
7) The deterioration of the base metal occurs by continued 
precipitation of graphite with the growth of 
decomposition products.
Whilst these observations are of considerable value and form a
framework for future work, there is no theory proposed indicating
how or why the process moves from one stage to the next. For instance
it is not clear why the cementite should break down (stage 6 ) to give
iron + carbon when a "critical" amount of Fe_C has been produced.
Some form of explanation may be arrived at in terms of the cementite
graphitising over a period of time. This would, however, be of the
13order of several hundred to a thousand hours , and so the corrosion
would be expected to be very slow. It does not seem likely that this
could occur in the 20 hour tests undertaken by Hochman, although 
14
Ruston et al have proposed that free cementite on the surface is 
readily decomposed due to lack of constraint by the matrix.
In summary, Hochman has enumerated a series of experimental
observations concerning the course of the corrosion termed "metal 
*!
dusting, Any subsequent theories as to the mechanism of the corrosion 
must therefore take account of these facts and be able to explain 
them satisfactorily.
2 01q5o Methods of Inhibition of Metal Dusting.
At the present time, two empirical methods have been found
to combat this type of corrosion. The first, mentioned in many
instances where metal dusting has occurred, is to add a controlled
amount of sulphur to the inlet gas stream. This has been added as
H^S to the extent of 2 0 ppm and was found to satisfactorily prevent
carbon deposition and surface corrosion/'*' However, it appears to
have little influence on intergranular carburisation^, and as
16—18sulphur frequently causes problems in its own right ” this is not 
an ideal solution. The second method is to chromise the surfaces in
19
contact with the reacting gases. In this process , chromium is
diffused into the surface at high temperature, producing a layer of
typically 0,05 mm thickness, the chromium content varying from the
parent metal content at the interface to 50-60% at the surface; the
chromium is in solid solution in the iron. Tests with chromised 
11
steels have shown that carbon deposition , surface and inter-
granular carburisation can be effectively controlled; in fact this is
the process used at the present time in the gas industry to protect
the heat exchangers, Chromising all the tubes as well would involve
considerable expense, and so this is not a practicable method in all
cases; however, at least one industrial problem has been successfully
11
and permanently overcome by this treatment.
2,1.6. Conclusion.
Metal dusting has been the object of considerable industrial 
research, and the types of carbon deposition and carburisation attack 
have been characterised. However, the exact mechanism occurring has 
not been satisfactorily explained, and another solution to the problem, 
based on the principles involved in the mechanism of the attack, is 
required. Carbon deposition, carburisation and oxidation, perhaps in 
a cyclic mode, feature in the descriptions of the reaction. These 
individual reactions have been the subject of much more basic research 
than has the overall topic of metal dusting itself. The literature 
relevant to these component reactions will now be reviewed.
2.2. CAR BON DEPOSITION.
2.2.1. Other Industrial Situations where Carbon Deposition is
a Problem.
Deposition of carbon on brickwork in the blast furnace 
has similarities to the metal dusting problem. The carbon is deposited 
on iron oxide spots in the brick, the volume expansion causing
2 0
eventual disintegration of the brick itself. A report on this problem
explains that it is always the oxide which causes the deposition -
but the possibility that iron oxide is reduced to the metal before
deposition commences is not mentioned.
Difficulties have also been experienced in the nuclear
power industry, where carbonaceous material has been reported to
21have been deposited on stainless steel fuel cans. The material 
involved was 20/25 Cr/Ni, niobium stabilised steel, which operated in 
an atmosphere of CO^ containing methane. Acetone was also present in 
the gas, and in research on this problem, as on several others, 
acetone was used as the hydrocarbon gas in the corrosion simulation 
programme.
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TABLE 1 Thermodynamics at 700°Co
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GAS REACTIONS ,
C + 1/2 02 = CO -47084
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C02 + C = 2CO +226
C + 2H_ = CH +4643
2 4
TABLE 1 (Continued). Thermodynamics at 700°C.
Note : The accuracies of the AG° values as quoted
in the literature are normally to ± 1 0 0 0 cals. 
at best. Where combination of equations has 
been necessary to determine the fiG° values, 
the errors will be correspondingly greater.
2.2.2. Metals and Gases involved„
In most work on this subject, the metals on which carbon
• + U ^ . 14,22,23, . , _24-26deposition has been studied are iron . nickel , and
27 28cobalt and their alloys, as well as stainless steels . Carbon has
been reported to grow on a carbon substrate in a form similar to that
29 30which appears on transition metal surfaces , and on platinum . The
most "reactive" metals i.e. those which promote carbon deposition
31 32most strongly, appear to be iron, nickel and cobalt 9 .
Free carbon is produced by the catalysed thermal cracking
of many hydrocarbon gases such as acetone; it is frequently deposited
27 33
when heated metallic surfaces come into contact with methane ’ ,
: , 30  ^ 22,23,28 ' 26 ' 21,25,34acetylene , CO/CO^ mixtures 9 9  , benzene , acetone ,
35
and a variety of other hydrocarbons „ Certain gases will deposit
carbon more readily (i.e. at lower temperatures) than others, but the
stages of carbon deposition on a given substrate, and their final
form, are usually similar in nature for all gases. Since deposits from
different gases are of similar form, reports relating to behaviour of
metals in different gases can be usefully compared. Acetone is
frequently chosen as the carbon-bearing species as it is easily
decomposed, gives rapid results and can be accurately dosed. Carbon
21
dioxide is a suitable carrier gas for the acetone vapour -. An analysis
of the products formed when acetone is thermally decomposed over
36platinum has been carried out by Melton , who concludes that the
major constituents of the gas are CO^ and with free radicals
which can break down to give, amongst other things, CO.
2.2.3. Typical Morphology of the Deposit.
37
According to Baird , graphite is the initial product of 
decomposition of the hydrocarbon gas; this has been termed ’’flake
graphite” , and consists of single crystals of graphite, oriented so
that their basal planes are parallel to the substrate surface. As the
surface is gradually covered, holes remain in the film only at the
triple points between graphite crystals. When a thick film is examined,
it tends to be buckled and cracked, due probably to compressive
30 3 7
stresses set up on cooling. 9 A feature of the flake graphite is 
enhanced deposition at grain boundaries in the underlying metal.
A second layer of graphite has been reported to grow oh
37
top of the flake graphite . This layer is thick and ill-defined, 
consisting of small particles exhibiting random orientation. It is 
after this stage that filamentary growth begins. Fibrous carbon is 
seen to grow up from the surface into the gas stream, either in 
single filaments or in clusters. Typical fibres consist of a hollow 
core with an outside skin of crystalline carbon, and are generally of 
the order of 30 nm in diameter, although a wide variety of sizes has 
been recorded, depending on the conditions. Metallic - or more 
strictly electron dense - particles are normally present in the tip 
of the fibre, and can sometimes be seen along the length of the fibre 
in the hollow core as well. The particle at the end is usually pear- 
shaped, with the thicker end in the direction of growth of the fibre. 
Most studies which show these details have been undertaken with the . 
transmission electron microscope.
2.2.4. Effect on the underlying Metal.
Generally, tests on carbon deposition alone have not been
as prolonged as the industrial runs where metal dusting occurred.
There is, therefore, correspondingly less attack of the underlying
metal, in particular less carburisation, although localised pitting
21
has been observed , and in isolated cases complete "dusting” of the
33
metal took place . It has been suggested that when the predominant
gas reaction is 2C0 = CO^ + C , filaments are formed, whereas
when only M + CO = MO + C takes place, heavy carburisation
28
occurs and no filaments are formed .
2.2.5. Thermodynamics of Gas and Gas-Metal Reactions.
The gas mixtures involved in carbon deposition can nearly
always be broken down into a mixture of CH^, CO, CO^ and H^. Acetone,
36for example, although forming many complex radicals en route , can
20decompose according to the overall reaction :
CH - CO - CH = 2C + CO + 3H^
3 3 2
or CH_ - CO - CH = CH + CH0.CO3 3 4 3
with CO^ being present as the carrier gas. 
Carbon deposition, therefore, can occur by direct cracking of acetone, 
and also from the reactions of the metals with the CO/CO^/H^ mixture. It 
is convenient to treat the metals iron, nickel and chromium separately, 
and to consider their possible reactions with CO/CO^/CH^ mixtures.
2.2.5.1. Iron.
The formation of Fe_C in iron-carbon monoxide reactions has3
a very slight positive free energy at 700°C which increases with
temperature;
3Fe + 2C0 = Fe C + CC>2 +394 cal. at 700°C.39
This 0.G value is accurate to i 4000 cals., i.e. the reaction 
2is at equilibrium when p ^  = p ^  . An imposed increase in the CO
concentration in the gas mixture will therefore favour the production
of iron carbide.
Other carbides of iron, e.g. Fe^C, decompose to give •
cementite on heating and would not be expected to be present at
o 38temperatures above 500 C . Reaction with methane to form a carbide 
is very favourable thermodynamically (Table 1). Oxidation of the
carbide is very favourable in oxygen, but in CO/CO^ there is a slight
positive free energy. Thus if any oxygen is present in the gas the
carbides may tend to transform to oxide.
The oxide reactions are shown in Table 1 .. A slight increase
in CO^ concentration from a 1:1 equilibrium' with CO will bring
into the stable region - however, 1 ppm of CO in the atmosphere is
sufficient to prevent formation of Fe_0 . This is the situation for
2 3
all the atmospheres used in the work detailed in this thesis, i.e. the 
stable outer oxide is magnetite.
2.2.5.2. Nickel.
In CO/CO^/CH^ mixtures, neither the carbide nor the oxide
can form with a negative free energy of reaction. Nickel oxide can,
8 **13 -2 however, be formed if p^ ^  10 atmospheres (10~ Nm” )
2.2.5.3. Chromium
From the table it can be seen that a number of carbides
can be formed, the most stable being Cr .C.. Chromium is also readily
23 6
oxidised by CO and CO^ , and the oxidation of the carbide to oxide 
is also very favourable. Once an oxide is formed, therefore, it is 
very stable and there is no possibility of it transforming to carbide 
during treatment in these atmospheres.
2.2.5.4. Gas Reactions. •
The reactions between the various gases involved are also
shown in Table 1. It is apparent that if oxygen is present any free
carbon will be readily oxidised to CO^. The main reaction of importance
in CO/CO^ atmospheres is the Boudouard reaction :
C + C02 = 2C0 +226 cal. at 700°C .(.± 1000 cal.)
As the AG value is indistinguishable from zero, this reaction is
2
therefore at equilibrium when PCO = PC0  * P u r 0 C 0  tend to decomPose
o .
at 700 C until these equilibrium, concentrations are reached.
31 32
This is known to be catalysed by iron, nickel and cobalt ’ (or their 
carbides or oxides). In a flowing system where the CO^ is continually 
removed and the CO refreshed, carbon deposition will be a continuous 
process.
2.2.6. Mechanisms Proposed.
2.2.6.1. Nature of the catalyst.
A great deal of work is reported in the literature on the
determination of the catalyst for carbon deposition from CO/CO^
atmospheres. Several models have been proposed, varying from carbon
itself as the catalyst to the metal or metal carbide.
22 'In 1956, Berry, Ames and Snow produced a comprehensive
study of the deposition of carbon from CO, and gave evidence to show
that Hagg carbide, Fe^C, was a good catalyst for deposition at low
temperatures. At temperatures above 700°C they found metallic iron to
be present and no deposition took place. They came to the conclusion
that neither normal Fe_C , Feo0. nor Fe were catalysts, since they
3 3 4
were all present above 700°C when no deposition occurred, and the 
CO decomposition was not auto-catalytic. However, no carbon 
deposition ever occurred above 700°C in their tests and so their 
conclusions cannot be. said to be valid in other experiments where 
deposition does occur at high temperatures.
41
Other workers have shown the presence of carbides to be
necessary when disproportionation of CO occurs over nickel and cobalt,
o
but again there is difficulty m  explaining the behaviour above 700 C 
due to decomposition of the carbide. The theory of a transient 
carbide has been suggested to account for this difficulty^’*’. Taylor^ 
studied reactions on pure iron powder and iron oxides and found that 
if the iron was unoxidised no carbon deposition took place; he 
attributes catalytic properties to the Fe^O^/Fe interface. A
compromise was reached by Ruston et al who state that iron acts as 
the catalyst for initial decomposition of the CO at -550°C, but the 
carbide , Fe^C^, acts as a growth centre for subsequent carbon 
filament formation.
Considerable evidence has been put forward to suggest
that iron - or nickel or cobalt - acts as a catalyst for carbon
. . 14
deposition. Ruston et al are m  agreement with earlier tvork by
43 •
Chatterjee and Das who give strong evidence to show that metallic
iron and not the carbide is the catalyst. It is suggested that those
who support the carbide mechanisms have shown that decomposition does
not occur on iron powder prepared at high temperatures. However, it
has been shown that catalysts tend to lose their activities at high
temperatures - indeed, evidence is put forward by Chatterjee to
support this - and therefore this method of iron production could
produce results which are not valid. Having passed CO over carefully
prepared iron and iron carbide at 550°C, it is shown that carbon
deposition occurs on iron alone. Furthermore, after the carbide has
been reduced at 900°C in hydrogen, carbon is deposited on the iron
23 4 4
produced. Turkdogan and Walker showed that carbon was deposited 
on a porous iron catalyst, yet as reaction proceeded and the iron was 
converted to carbide the activity gradually ceased. Nickel metal has
24
also been shown to act as an effective catalyst for deposition .
Generally, carbon deposition without metallic catalysts has
only been noted at temperatures where deposition occurs by pyrolytic
o 45cracking of hydrocarbons (above ca. 1300 C) . However, carbon
29
filaments have been reported growing on a pure carbon substrate in 
methane at 850°C. The filaments were graphitic and remarkably similar 
to those containing metallic catalyst particles, and yet no particles 
were seen. The only explanation by existing theories is that extremely
small metallic particles were present in ppm quantities (calcium ivas 
detected), but it is unusual for these not to show up in electron 
micrographs of the filaments.
2.2.6.2. Initial formation of platelet(flake) graphite.
An ordered form of graphite is the first to form,on the
metal surface from CO, grain boundaries being preferential sites for 
30
nucleation ; m  hydrocarbon gases , however, this first deposit
tends to be amorphous*.and to stem from thermal decomposition of the
hydrocarbon. The ordered graphite formed in CO could form from
surface diffusion of deposited carbon atoms, or by polymerisation of
30
short chain hydrocarbons . This carbon has been shown to consist of
single crystals of graphite, the growth appearing to be epitaxial on 
46
nickel at least . However, the theory has been put forward that as
there are particles of metal existing in more or less atomic form in 
3 7 4 7
this carbon 9 , then these particles may be responsible for the
growth of this carbon, presumably by a catalytic mechanism.
i ' •
More recently, evidence has been put forward to show that
this ordered carbon may not form at all at high temperature, but may
merely be the result of precipitation from a supersaturated solution
on cooling down. That some form of dissolution-precipitation does
48operate has been demonstrated for nickel , where amorphous carbon
was evaporated onto nickel, dissolved by heating and precipitated
as crystalline graphite on cooling. Similar effects were shown by
cobalt, but iron formed a carbide with the dissolved carbon and thus
. 49
did not precipitate any further carbon on the surface during cooling. 
Similar results were obtained by Harris^, who, by careful design of 
his experiment, proved without doubt that a solution mechanism 
could account for at least a major fraction of the flake graphite 
encountered.
2.2.6 .3. Transport of metal into the deposit - filament growth.
Various workers have reported, both in the carbon deposition
51 52
field and elsewhere , the possible formation of carbonyls which
decompose and deposit iron or nickel away from the original metal
surface. However, as was mentioned in section 2.2.5, this is unlikely
53
thermodynamically, and Fischer and Baker reported tests in which 
an iron-copper catalyst, heated at 500°C in CO, formed a carbon 
deposit which contained both iron and copper. As copper forms no
/ w
carbonyl, if transport were by the vapour phase one would expect only 
iron to be present in the carbon.
In nearly every paper on carbon deposition, filamentous 
growth of carbon is referred to. There are, however, relatively few 
authors who have committed themselves to defining a growth mechanism 
for the filaments. The initial requirement would appear to be small 
particles of metal (or carbide or oxide) resting on the substrate 
surface, relatively free to be detached. Most authors have avoided 
discussion of this initial criterion as it is difficult to see how
14
these particles can be present. However, Ruston et al suggest, 
for iron, that after dissolution of carbon in the metal, cementite is 
formed and subsequently decomposes to form iron and graphite. The 
rapidity of this reaction is explained by saying that free cementite 
can decompose easily; it is only because it is normally surrounded 
by a solid metal matrix where it has no volume to expand into that 
its decomposition is usually slow. This could produce some particles 
of iron suitable for growth, but Ruston indicates that this is not
the case - it is the carbide Fe_C which precipitates epitaxially
7 3
from the supersaturated iron matrix which acts as a growth centre
for subsequent filament formation. The Fe C„ is formed by the reaction
7 3
of the iron particles with CO.
Without detailed thermodynamic data on this carbide, it
is difficult to criticise Ruston. However, it is not clear why the
iron should initially dissolve carbon and precipitate Fe C, yet when
3
the Fe C decomposes the iron produced does not repeat these reactions
but forms Fe^C^. If the formation of this carbide is thermodynamically
favourable, there appears to be no reason why it did not form in the
first place. It is also noticeable that Ruston never actually states
that the particles existing in the heads of the filaments were
identified conclusively as Fe C ./ 3
From this point onwards , a theory of growth and metal
24transport has been developed by Baker et al . Referring to the
decomposition of acetylene over nickel, the first stage is that
acetylene decomposes on the nickel, particle and releases a considerable
amount of heat (42.9kcal/mol). This is likely to occur on the top of
the particle, as the underneath will be in contact with the substrate
and thus protected. Carbon then dissolves in the top of the particle
and diffuses down the temperature gradient to the rear of the
particle where it is precipitated. Deposition of carbon is an
endothermic process (9.6kcal/mol ) and thus the areas where
precipitation occurs will be cooled further. This precipitation
builds up a deposit at the rear, which gradually lifts the particle
away from the metal surface. The particle can be shown to be distorted
by this treatment, and in fact will act as a liquid under these
conditions. The tube of carbon underneath the particle consists of
two distinct parts, the wall being of a different nature from the 
37inside . It is likely that the wall is produced by surface diffusion 
of carbon around the particle, whereas the inside grows by the 
solution and precipitation mechanism.
Baker shows that an extremely good correlation exists
between the activation energy for diffusion of carbon in nickel and
the activation energy for maximum growth rate of the filament,
suggesting that diffusion of carbon through the particle is the rate
controlling step* If carbon is deposited at a greater rate on the
surface, the available area of metal surface for catalysis will.
gradually decrease and eventually reaction will cease when the
24 35particle is completely encapsulated in carbon 5 .
The point of difference from Ruston’s theory of carbide 
catalysis should be noted since, if diffusion of carbon through the
Fe_C particle is rate controlling, the activation energy would be
7 3 .
unlikely to correspond to that of transport in the metal. A general
criticism of Baker’s theory is that the gas is presumed to react
with the metal exothermically. In those cases where filaments are
formed from gases by an apparently endothermic reaction, Baker has
to resort to an explanation via impurities being present in the gas,
and these impurities causing the deposition, or intermediaries of
25the reaction reacting exothermically wifh the metal .
In order to investigate further the feasibility of Baker’s 
theory, a typical temperature drop across the particle at the head 
of the filament can be calculated. From Baker’s figures, a typical 
filament diameter of 30 nm and a growth rate of 75 nm s  ^ can be 
assumed, and for the purposes of calculation the particle can be 
approximated to a cylinder, of length equal to its diameter.
From Fourier’s first law of. heat conduction :
qx = k « A T
A x
where = ra-te of heat transfer
in the x direction.
A = area normal to
direction of heat flow.
AT = temperature difference 
across the particle.
x = length of particle.
k = thermal conductivity 
of the particle.
_ k.A.ATtherefore, - — — --  - - - - - - - - 1
but, = (heat of formation of 1 gram mol of filament) x (number of 
gr£pi mols of filament formed/second.)
^ ’~ 1 2 ^ - - - 2 where - density of filament.
L = length formed/second.
A H  = heat input to top of
particle/gram mol of
carbon formed
= AH. + AHf sol
= 42.9
+■ 9.6 kcal,
Combining equations 1 and 2 :
AH.L.AyD _ k.A.AT
12 x
AT = AH.x .L./J = (30)(31)(75)(2..2)(10~21)
k -11(2.4) (10 )
= 6.4 x lCf6 K«
Although the calculation is only approximate, owing to the assumptions 
involved, the result is that there is only a very small temperature drop 
across the particle at the end of the filament, and it would seem 
unlikely that a driving force for a dissolution and reprecipitation 
mechanism could be provided in this way. The theory has to account for 
the initial lifting up of metal particles from the metal substrate 
surface - i.e. initially the nucleation energy for a carbon precipitate 
must be provided at the base of the particle, and a temperature differ­
ence of 10 would be most unlikely to give this energy. This is a 
disappointing conclusion, since Baker’s is the only quantifiable theory
put forward to explain the growth of carbon in filamentary form.
37 . .Baird has added a further observation by examining
filaments whilst they are growing in an electron microscope. He
. observes that as well as the particle at the growing end of the 
filament, there is also metal travelling up and down a hollow core 
in the fibre as though it were liquid. This could explain comments 
by other workers who have seen the end product of this process as 
small particles lying along the axis of the fibre when viewed 
subsequently at room temperature in the electron microscope,,
2.2.7. Inhibition of Carbon Deposition.
Several methods of preventing carbon deposition on metallic
surfaces have been suggested as a result of detailed analysis of the
mechanism of carbon deposition. They can be classified into those
methods which utilise the elements in the metal itself, and those
which impose an external protective shield (in the solid or gas phase).
2.2.7.1. Protection based on thermodynamic analysis.
This consists normally in producing a more protective oxide
on the metal surface by heat treatment under controlled conditions.
For instance, chromium-bearing steels would be more resistant to
deposition if they exhibited a more stable passive oxide. This can be
obtained by suitable heat t r e a t m e n t g i v i n g  an enhanced chromium
concentration in the surface oxide. This has been demonstrated
56 ,
industrially m  a plant for ketene manufacture from acetone where 
carbon deposition was drastically reduced by pretreatment of a 27/20 
Cr/Ni steel in a gas mixture containing CO, evidently designed to 
preferentially oxidise the chromium. In a similar way, steels 
containing silicon or aluminium should be less susceptible to attack 
if they were oxidised under conditions which would concentrate them 
in the surface layers.
2.2.7.2. Gas phase inhibitors.
Several investigators have carried out extensive experiments 
using small additions of various gases to the depositing medium.
Following the initial observations that sulphur in the gas prevented
57 59
metal dusting, the usual additions have been H^S , SO^, silanes ,
. . 58 20or organic compounds containing sulphur, such as CS^ or thiophen
There is general agreement that the sulphur-containing compounds are
more efficient than any other inhibitor, and if added in sufficient
. 59 .quantity can permanently prevent carbon deposition
Two mechanisms appear to be operative when sulphur is
present in the gas stream. The first is that the sulphur compound is
adsorbed preferentially on catalytic sites and this excludes the
possibility of carbon depositing on those sites. Secondly, Fe C is . 3
an intermediate product of the carbon deposition (see section 2 .6 .3,2.
and reference 14); when sulphur is present, FeS tends to form leading
to a slower rate of cementite formation. This second point is extended
59by Karcher and Glaude when they note that silanes can decompose on
the metal surface producing a thin layer of high silicon content which
is an obstacle to cementite formation,,
The sulphur-containing compounds, in that they react with .
the catalyst to form a sulphide, have been shown to be permanent
59
inhibitors m  certain cases , whereas other inhibitors merely block 
the catalyst sites temporarily. When the addition of the latter type 
is stopped, they gradually desorb and leave the surface free for 
carbon deposition.
2.2.7.3. Other methods.
It just remains to state that chromising the surface, as 
previously mentioned with regard to metal dusting, performs a similar 
function to the gas phase inhibitors, as chromium is not a good 
catalyst for carbon deposition10’11, and protects the underlying iron, 
nickel or cobalt from attack. A similar process in which aluminium 
takes the place of chromium is under test and may prove to be more 
suitable than chromising if it is shown to be as effective^0.
2.3. OXIDATION*
2.3,1. Scales formed on iron and its alloys - nature and composition.
When pure iron'is oxidised in air, three oxides can form.
Nearest to the metal is wustite, FeO, an intermediate later is formed
by magnetite, Fe^O^, and haematite, F e ^ ^  is present at the gas/solid 
61interface . Whether only one or a combination of these oxides forms
depends on the temperature and oxidising medium. In CO^-containing
atmospheres such as those of interest in this thesis, Feo0 is not
2 3
stable and Fe O is formed at the gas/oxide interface. FeO is formed 3 4
very rapidly by a cation diffusion mechanism, and in a system where 
iron is oxidising in CO^, FeO will be present between the Fe^O^ and 
the metal at temperatures above 570°C.
A vast amount of literature has been published on the
subject of the oxidation of iron-chromium alloys. The main principles
62 63have been explained by Wagner and well reviewed by Wood
Summarising the more significant papers in the field of oxidation of
iron-chromium alloys, the generalisation can be made that these alloys
oxidise in one of two modes according to the conditions^ In
alloys containing less than ca.13% chromium under weakly oxidising
69conditions (or less than 2 0 % under more severe conditions ), the
amount of chromium present is not sufficient to form an effective
protective layer of Cro0o . In this case, an outer layer of Feo0 is
2 3 2 3
formed, next to a spinel (FeCr 0 ) layer, with Cr 0 being present at2 4 2 3
the metal/oxide interface and containing Fe 0 in solution. When, on2 3
the other hand, the chromium content is greater, a second type of
scale forms, consisting of almost pure Cr^O^ containing very small
quantities of Fe 0 . Alloys of the first type oxidise at an oxide/
2 3
oxide interface, whereas the higher chromium alloys oxidise at the 
surface by cation diffusion.
When nickel is added to the alloy (e.g. 18/8 stainless
steel), the oxide scale retains approximately the same composition,
as a protective layer of Cro0 is formed in air. The effect of nickel
2 3
in very small amounts in the chromium oxide is to reduce the rate of 
cation diffusion and thus the rate of oxidation,, Nickel appears to 
have a stabilising effect on the oxide film, giving less chance of it 
breaking down to-the spinel and iron oxide type of scale, and it also 
reduces the differential thermal expansion between the alloy and the 
oxide, thereby reducing the stresses that are set up during temperature 
fluctuations^
Oxidation of a stainless steel in CO^ has been reported by
70Francis . On a 20/25 Cr/Ni steel he finds the same oxide layers that
have been previously reported for oxidation in air. The Cr O layer
2 3
forms initially, but after further oxidation a spinel layer is formed
above the Cr 0 . This is to be expected from thermodynamic
considerations, since formation of the spinel has a particularly
39high negative free energy of formation:
2Fe + 2Cr O + O = 2FeCr 0 - 111529 cal. at 700°C
From a macroscopic point of view, oxide scales are generally
82
duplex. From marker experiments it has been shown that points on the
original metal surface are subsequently located at the junction of
the two oxide layers. This means that the outer layer must have grown
by outward movement of metal, and the inner layer by ingress of
oxidanto The rate controlling step is the lattice diffusion of cations
through the inner or outer layer, and not the diffusion of the oxidant.
Since chromium can oxidise in a much lower oxidation
potential than iron, Cro0 will be the first to form on the surface of
2 3
an iron-chromium alloy^^. However, the diffusion rate of chromium is 
extremely slow through close-packed oxides, whilst iron can readily
diffuse under the same conditions. Thus if only lattice diffusion
occurs, it is reasonable to assume that as long as iron can escape
past the Cr 0 layer, either by diffusion through the layer or along 
2 3
pores and cracks, an outer layer rich in iron will form. A mechanism
71to account for this in detail has been put forward by Cox et al .
72They refer to the mechanism suggested by Azaroff , that diffusion
through close-packed oxides occurs by transfer of the diffusing
cation from tetrahedral to octahedral sites, and thus if the energy
difference between these two types of site is great the ions will
prefer to remain in the lowest energy position. If the energies of
the two sites are equal, transfer from one to the other will be
relatively easy. It is found that the difference in these energies
is very small for iron (and manganese), but high for chromium (and
nickel). The predicted diffusion rates from this hypothesis would
therefore give chromium and nickel in the inner layer of oxide, and
and iron and manganese in the outer layer, which is in accord with
73 74
experimental evidence ’
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An alternative mechanism has been suggested , involving
vapour phase transport of iron via an intermediate volatile compound.
Conclusive evidence has been put forward to show that this occurs in
CO/CO,, mixtures and steam at 350°C, suggesting the formation of a
carbonyl, and in steam at 1000°C, where the volatile species is the
76
hydroxide^ Fe^H)^, Since chromium forms no such volatile compounds, 
this theory would also predict the concentration of chromium in an 
inside layer with iron oxide as the major component of the outer layer
2.3.2. Effect of surface cold work.
Surface grinding has been shown to have a very marked 
effect in increasing the rate of diffusion of alloying elements
. 77
m  the first 1 2 - 2 0 of the surface layer . In chromium alloys the
effect is complex, since the increased diffusion rate in the alloy
tends to increase the chromium concentration at the metal/oxide
78interface, but since grinding also promotes selective oxidation 
this tends to decrease the interface chromium concentration. The 
general trend is for the increased chromium selective oxidation to 
reduce the corrosion or oxidation rate, but for this effect to become
gradually less as the temperature is raised due to recovery and
. . o 79recrystallisation at 600 C and above o
2.3.3. "Breakaway" oxidation in CO/CO^ atmospheres.
Breakaway oxidation is the term given to the attack which
occurs after a transition from parabolic kinetics of oxidation
(protective oxidation) to approximately linear kinetics has taken
place. A typical feature of the attack is the rapid growth of nodules
of porous oxide which allow ingress of the oxidant to the metal
substrate. The first mechanistic studies indicated that this nodule
growth may have been due to oxidation of carbides present in the
oxide scale - the volume expansion thus causing mechanical failure
80of the protective layer .However, subsequent studies of breakaway
oxidation have revealed that carbides are not always universally
present along the interface of advancing breakaway oxide. Mechanical
failure could also be brought about by deposition of carbon within the
81Oxide. This theory has been extended by Nolan who suggests that 
build-up of CO in pores in the oxide causes deposition of carbon by 
the Boudouard reaction.
Further support to a mechanical theory of failure is given
82by Ant ill who suggests that initiation of breakaway is due to scale
rupture by hydrogen bubbles. The hydrogen is formed by reduction of
water by carbon or iron. He also finds that a considerable amount of 
carbon is present in the scale (up to 4%), but indicates that the 
distribution of carbon does not suggest that it plays an important 
part in the breakaway process.
Surman, on the other hand, has proposed a semi-chemical
83 . .
mechanism where deposition of carbon is the critical step - the
Boudouard reaction deposits carbon on growing oxide crystallites and 
prevents their sintering together. This means that oxidant can still 
get through the growing oxide, and the rate of iron transport outwards 
is increased due to the carbon acting as a diffusion path.
Gibbs also supports a chemical rather than mechanical
84 . . . .
theory of breakaway. He observes that there is a siidden increase m
the amount of CO^ present at the surface at the initiation of break­
away. His suggestion is that CO gradually builds up during protective 
oxidation until at a critical amount the Boudouard reaction is 
catalysed, resulting in a sudden release of CO^ which increases the 
oxidation rate (and deposits carbon).
The observed increased rate of iron transport may also be
7 5 o
caused by transport in the gas phase . At temperatures up to 450 C
at high pressure, it appears that volatile compounds can be formed
85 "■in quantities which could promote rapid oxidation . This mechanism
is similar to the oxidation of iron in water as postulated by Castle 
86and Masterson . One point of interest is that both breakaway
corrosion and catalysis of the Boudouard reaction occur in gases
which are close to the redox potential of magnetite. There may here
be a correlation with conditions favouring production of iron 
85volatiles which would be short-lived in an oxidising environment.
In summary, the observed deposition of carbon in breakaway 
oxide has led to a multitude of theories being proposed for the
mechanism of breakaway, but at the present time there is no means of 
assessing which mechanism, or combination of mechanisms, are operative 
during breakaway oxidation in CO/CO^ atmospheres.
2.3.4. Preliminary conclusions and objectives.
Metal dusting is an extremely complex phenomenon, occurring 
as it does in a range of atmospheres and materials at high pressures, 
and a complete understanding of the mechanisms involved is a formidable 
task. It is now apparent also that, contrary to initial expectations, 
the component parts, namely carbon deposition, carburisation and 
oxidation, are not clearly understood in themselves. There has been 
only one serious attempt to produce a quantifiable theory on the 
mechanism of carbon deposition -by Baker et al - and the detail of this 
has been shown to be in apparent error when calculations are made. 
Several methods of inhibition of carbon deposition and metal dusting 
are in use industrially, but the choice of method is often empirical - 
due to a lack of understanding of the principles involved.
The aim of the present work must therefore be to attempt 
an understanding of the mechanism of carbon deposition, and associated 
carburisation and oxidation; a particular objective would be to 
discover the way in which free particles of metal are produced on 
the surface in order to initiate carbon filament growth, since this 
is an area which has been completely overlooked up to the present time.
The work must obviously involve use of a technique for 
surface examination and analysis, and because there are so many 
discrepancies in the results available from the literature, 
statistically designed experimentation will ensure that the results 
can be reviewed with confidence. A further literature review is 
therefore necessary to determine the best methods for surface 
examination and the most efficient methods of experimental design.
2.4. METHODS OF SURFACE EXAMINATION.
There are several techniques available for surface
examination, the most well known and extensively used being the
scanning electron microscope (SEM). This instrument is very suitable
for viewing the surface, but gives no indication as to the chemical
analysis of the specimen. .The electron probe microanalyser (EPMA) is
now a common research tool for surface chemical analysis, and this
gives a reliable elemental analysis of the surface up to 2jJja. deep.
However, as much of the discussion on the mechanism of carbon
deposition revolves around the oxidation states of the elements
involved, the EPMA is not the ideal tool since it gives only a
quantitative analysis of the elements, regardless of their oxidation
state, and has a depth of analysis rather too large.
A suitable instrument which can distinguish between the
various states of oxidation of the elements has been developed - the
photo-electron spectrometer. This measures the elemental distribution
in the top 2 nm of the surface and is thus a very powerful tool for
critical assessment of the mechanisms of surface catalysis.
Other analytical techniques such as wet chemical analysis,
Mossbauer spectroscopy, nuclear magnetic resonance, electron spin
87resonance, infra-red and Raman spectroscopy , are not suitable for
this work since the surface deposits would have to be stripped off
or the specimen destroyed. Methods such as electron diffraction
88require use of single crystal specimens , and sputter ion source
instruments involve eventual destruction of the sample. Auger electron 
89spectroscopy , has many of the advantages of photo-electron 
spectroscopy, but the chemical state of the sample cannot be determined 
with the same degree of certainty - since this was considered to be 
important to this work, AES is not as suitable in this instance.
902.4.1. Scanning electron microscopy (Figure 3)
In this instrument, a finely focussed beam of electrons 
is scanned across the specimen surface in a raster fashion. Of the 
many signals emitted from the interaction of the beam with the 
specimen (X-rays, secondary electrons, backscattered electrons etc.), 
the secondary electrons are normally selected to give an electron 
image which, after amplification, is displayed on.a cathode ray tube. 
The image can be viewed and photographed at this stage. The main 
advantage of this instrument over optical microscopes is that the depth 
of focus is much larger, i.e. a rough surface can be viewed with no 
preparation; also, magnifications of up to 50 000 X can be used.
912.4.2. Electron probe micro-analysis. (Figure 4)
The EPMA consists of an electron system similar to the SEM, 
but in this case the characteristic X-rays emitted by the elements 
in the specimen are detected (as well'as the secondary electrons to 
form an image for viewing). There are two types of X-ray analyser 
that may be used;
- a) Wavelength dispersive analysis.
The X-rays emitted by the specimen are dispersively analysed 
by a curved crystal of known atomic lattice spacing. The wavelength 
of the X-ray,X, diffracted at a given angle, 0, is related to the 
lattice spacing of the crystal, d, by the equation :
n X = 2 d sin9
where n is the order of diffraction of the 
spectrum, this being unity under most experimental conditions. Since 
only one wavelength is detected with the crystal in one position 
(one "0"), the crystal and detector are moved in combination into 
the angular position for each element to be analysed. This is a fairly
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lengthy process, depending on the number of elements to be analysed,
but the resolution is extremely good. Quantitative analysis is
obtainable by direct comparison of the X-ray intensities for an
element A in the unknown sample (I^)g with that of a pure reference
sample of A (IA )D - Providing identical experimental conditions are A K
used, then the weight fraction of A in the unknown sample, is given, 
to a first approximation, by
(IA>ScA = -LL
(I )' A'R
For reasonable accuracy in quantitative analysis, however, 
complex corrections must be applied (see section 2 .4.2.1.)
b) Non-dispersive analysis.
The X-rays are detected by a solid state detector positioned 
at 38° take-off angle. This is a lithium-drifted silicon crystal, and 
X-rays of given energy striking the crystal will produce a given 
number of electron-hole pairs - e.g. the energy required to produce 
one electron-hole pair in silicon is 3.7 eV, thus if an iron X-ray 
of 6 «4 kV strikes the silicon, 6400/3.7 = 1730 electron-hole pairs
are generated. The current produced (1500 V are applied across the 
silicon) is amplified and fed to a multi-channel analyser in the 
position calibrated for 6.4 kV. Since each element has a characteristic 
X-ray energy, the position occupied on the multi-channel analyser will 
be for one element only.
The counting rates and thus the speed of analysis are 
extremely high with this technique, but the selectivity is inferior 
to that of the crystal spectrometer. The non-dispersive method is 
therefore used when the elements to be analysed have well separated 
energy peaks and little overlapping of the peaks occurs. For accurate 
work, corrections have to be made to the simple analysis produced by
dividing the intensities of the peaks for given elements by the 
intensities from their respective standards.
2.4.2.1. Corrections required for accurate analyses.
a) Dead time.
The X-ray counter will not record incoming pulses for a 
small time after each pulse. This means that at high count rates the 
number of counts is underestimated. This is automatically accounted 
for in the solid state detector.
b) Absorption.
If the mass absorption coefficient of the standard for the 
radiation being studied is significantly different from that of the 
specimen, then a direct comparison of the count rates will be 
inaccurate.
c) Atomic number effect.
If the mean atomic number of the specimen is very different 
from that of the standard, two effects are produced. Firstly, the 
penetration of the beam is different, giving a different distribution 
of X-ray production in the specimen compared with the standard. 
Secondly, the percentage of primary electrons in the incident beam 
scattered directly back up the column by collisions with atomic nuclei 
will be different. Increase in this factor will reduce the amount of 
possible X-ray production.
d) Fluorescence. •
If the characteristic radiation from one element in an 
alloy is of shorter wavelength (higher energy) than that from another, 
then the latter can be "fluoresced" by the former. This results in 
increased counts from the latter element.
These corrections would be extremely tedious to carry out by 
hand, and a computer is invariably used to perform the necessary
calculations. The method of calculation can be found in the literature;
. . 92a good review is contained m  work by Parkin
2.4.3. X-ray photo-electron spectroscopy (XPS).
2.4.3.1. Basic theory.
The specimen is irradiated with X-rays, and ejected
electrons are energy analysed in the spectrometer; peaks in the 
resulting energy spectrum correspond to electrons of specific binding 
energy in the sample. The atomic processes giving rise to the ejection
example, causing this electron to leave the metal. The kinetic energy 
of this electron is well defined; any lack of - definition can only 
arise from the natural width of the energy band in the K-shell and 
the energy variation in the incident X-ray beam. As well as photo­
electron ejection, electrons can be emitted by the nAugern process. In 
this case, the incoming X-ray ejects a photo-electron and the vacancy 
in the K-shell (for instance) is filled by an electron from an outer 
shell. The energy released in this process is transferred to another 
electron which is ejected from the atom;, the kinetic energy of this
of photo-electrons are shown in Figure 5 :93
>
(photoelectron) (Auger)
FIGURE 5
An X-ray interacts with an electron in the K-shell for
Auger electron is independent of the primary radiation and depends 
only on the difference between the energy levels of the electronic 
states involvedo In the XPS spectrometer, both photo-electrons and 
Auger electrons can be detected.
2.4.3.2. Calculation of binding energies.
From the laws of conservation of energy in the atom, the 
photo-electron emission process can be written as :
Ekin = EX-ray %  " Er -
where E, . = photo-electron kinetickin • •energy.
= electron binding energy.
EXray= energy of incident X-ray.
E^ = recoil energy.
The recoil energy can be shown to be negligibly small when 
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the correct X-ray energy is used . The energy of the X-ray beam is 
known for a given source material (e.g. for aluminium, ^  = 1486.6 eV), 
so if the kinetic energy of the ejected electron can be measured, the 
binding energy of that electron before it suffered ejection can be 
calculated. However, in practice this equation has to be slightly 
modified. In the spectrometer the specimen and the detector are in 
electrical contact, i.e. their Fermi levels are the same. Therefore, 
a difference in work function between the specimen and the detector 
material will cause a difference in potential - a contact potential - 
between the two. If the Fermi level is chosen as the zero reference 
level for binding energies, then the above equation has to be modified 
to give :
E . = E - E -k m  X-ray b /
= work function of the detector 
material.
where t
Since the kinetic energy does not depend on the work function of the 
specimen, the same correction can be applied to all measurements.
2.4.3.3. Significance of the electron binding energy.
The correlation between binding energy and oxidation state
is extremely complex, as most bonds between atoms are partly ionic
and partly covalent, and the atom must be treated when it is in a
structure with other atoms, not on its own. However, a simple
classical model can be used to give a brief explanation of the effect
93of chemical bonding on the electron binding energy
An ion of charge q is approximated by a conducting sphere
of radius r, corresponding to the radial maximum of the valence
electron orbitalso The ion with charge q + 1 is formed by the removal
of am electron from the surface of the sphere to infinity. This
produces a change in the potential energy of an electron inside the 
2 ,
sphere of - e /r, thus giving a change in the binding energy of each 
2electron of e /r, or approximately lOeV per unit change in charge on
the atom. Since in a metal the electron is not removed to infinity,
but to some distance roughly equal to the nearest neighbour separation,
R, the change in potential energy of the electrons in the atom must
2 2
be modified to - e /r + e /R. The net result is a roughly linear 
relationship between the calculated charge on the ion and the measured 
binding energy of its electrons. When an atom ionises positively, the 
electrons possess increased binding energy, whereas in a negative
94
ion they possess a smaller binding energy than in the neutral state.
2.4.3.4. Other photo-electron lines ("satellites’1) in the spectrum.
95
a) Due to plasmon losses.
The ’’electron gas” in a metal vibrates with a certain 
plasma frequency, *9. The photo-electron may interact with the electron 
gas, losing a multiple of the energy h *9 associated with plasma
oscillation. Peaks due to this will be on the lower kinetic energy
side of the main peak.
b) "Shake-up” and ”shake-off” processes.
Shake-up satellites are produced whenever the emission of
a photo-electron is accompanied by the simultaneous excitation of
another electron, producing an atom with two inner shell holes and
96 97 ,
one electron in an excited state ’ . This process reduces the
kinetic energy of the emitted electron, thus causing a peak on the low 
kinetic energy side of the main peak. If, as well as the original 
photo-electron, the excited electron is emitted rather than promoted 
to a discrete energy level, the process is termed shake-off, and will 
result in a broader peak than the shake-up process.
2.4.3.5. Multiplet splitting.
When exchange interactions occur, electrons with spin in 
one direction will react differently from those with spins in the 
opposite direction. This produces a splitting of the core electron
binding energies, and gives a peak again on the lower kinetic energy
. , - _  . . 99,100side of the m a m  peak
2.4.3.6 . Due to the incident radiation.
As the X-rays are usually not monochromatic , there will be
a peak due to the K line, which will occur on the high kinetica0a.3 4
energy side of the main peak, which is due to the radiation.
2.4.3.7. Limitations on resolution.
There are three main contributions to the linewidth of the
spectrum. Firstly there is the width of the exciting X-ray line. The
narrowest conveniently available is magnesium K with a spread of
a
0.8 eV, but aluminium K is frequently used as it has a greater energy
a
and only a very slightly larger linewidth. Secondly there is the energy 
band of the electron level being studied, which can range from less
than 0.1 eV to several eV. Finally there is the broadening caused by 
the spectrometer itself, which should be of the order of a few tenths 
of an electron volt or less.
2.4.3.8. Depth of analysis and precautions.
Photo-electrons emerge from depths up to 10 nm. However, the
fraction that emerge without energy loss becomes exceedingly small
as this depth is approached and in fact the average depth of electron
production is only of the order of a few nm. The escape depth of the
electrons is dependent on their kinetic energy, but in XPS it is
101generally around 1 - 2 nm for most elements . .
Two difficulties arise due to this small depth of analysis. 
Firstly, surface contamination due to adsorbed oil from the pumping 
system may partially or completely obscure the spectrum. This can be 
reduced by operating under ultra-high vacuum conditions. Secondly, 
surface charging of semi-conductors or insulators due to the photo­
electric effect can move the apparent position of the spectral peaks 
by several volts leading to erroneous conclusions as to the nature of 
the specimen.
- The first difficulty can sometimes be used to counteract
the second: the carbon Is peak from the pump oil can be used as an 
internal standard to allow for charging of the specimen.
2.4.3.9. Quantitative elemental analysis.
Although principally used in a qualitative manner, XPS can 
be used to assess the surface composition of a sample. The intensities 
of the peaks (or more strictly the areas under the peaks) can be used 
to estimate the percentage composition of a sample provided certain 
corrections are taken into consideration. Firstly, the intensity 
depends on the atomic cross section; elements of high atomic number 
will exhibit peaks of greater intensity than those of low Z. Secondly,
on emerging from the sample, some electrons suffer energy losses due 
to collisions etc. The fraction that leave without any collisions 
increases with increasing kinetic energy of the electrons. This second 
consideration has the reverse effect from the first, i.e. elements of
low atomic number are favoured.
These effects result in a certain "instrumental sensitivity” 
to different elements. The sensitivities compared to a base of unity
for the fluorine Is peak have been experimentally determined by
102 103Wagner , and subsequently extended by Jorgensen . If the peaks
produced in the photo-electron spectrum are multiplied by these
factors, a "fluorine equivalent" for each peak can be tabulated.
Jorgensen suggests in his paper that this can only be a semi-
quantitative technique (precision within 20-30%), but it is still
useful in that it gives equal weighting to all the elements,
irrespective of their observed peak heights. By quoting peak heights
in fluorine equivalents relative to the total fluorine equivalent for
the whole spectrum, the effect of changes in instrumental conditions
between analyses can be corrected. Whilst this limited accuracy must
be borne in mind, it is nevertheless of great practical advantage to
be able to plot atomic percentages in this way, particularly since
the effects of minor peaks can be brought out more strongly.
2,5. METALLURGY OF STAINLESS STEELS AND THEIR COMPONENT ALLOYS.
The metallurgy of the materials which will be used in this 
work, as well as that of commercial steels, has so far been neglected. 
However, it is obviously of importance. A commercial stainless steel 
contains many minor elements as well as iron, chromium and nickel, and 
in this work the effects of the major elements only can be 
investigated. By performing tests on the component alloys of stainless 
steel, the ambiguity in results due to the effect of minor elements in 
the test materials may be avoided. The four materials chosen to be 
used in these tests were therefore:
a) Pure iron.
b) 18% Cr, balance Fe.
c ) 8% Ni 9 balance Fe.
d) 18% Cr, 8% Ni, balance Fe.
2.5.1. Iron-Chromium alloys.
Chromium is completely soluble in a and Y iron and is a
104ferrite stabiliser , to the extent that when 18% chromium is addea
to the iron, ferrite is the only phase present even up to the melting
point of the alloy'*’^ .  Chromium readily forms compounds such as
carbides and nitrides, and it is due to this that chromium steels
106corrode by an intergranular mechanism. Bain et al developed a
model for intergranular corrosion of iron-chromium alloys, attributing 
the attack to precipitation of chromium carbide at grain boundaries 
with concomitant depletion of chromium in regions adjacent to the 
grain boundary. This produced areas that possessed insufficient 
chromium to render them immune to oxidation.
2,5.2e Iron-Nickel alloyso
104Nickel is an austenite stabiliser , and in an 8% nickel 
alloy, austenite will be the major phase present at 700°C^^ At room 
temperature, ferrite is the,stable phase, although martensite is 
normally formed if a small amount of carbon is present,
2.5.3. Iron-Nickel-Chromium alloys.
When no other elements are present, these alloys may be
107interpreted by means of a ternary phase diagram . Austenite is the 
stable phase at 650°C in an 18/8 Cr/Ni alloy, but it is likely that 
this will transform to ferrite by the time room temperature is reached, 
the final structure possibly being similar to that of the 8 % nickel
n  108alloy
2.5.4, Commercial alloys.
A commercial stainless.steel has many minor elements 
present, notably carbon in amounts up to 0.1%. Carbon is a very strong 
austenite stabiliser"*"^, with the result that Commercial 18/8 steels 
are fully austenitic at room temperature. In order to combat inter­
granular corrosion, stainless steels are frequently ’’stabilised”., i.e. 
an element that forms carbides in preference to chromium carbide is 
added e.g.niobium or titanium. Chromium is then not depleted in 
regions adjacent to the grain boundary, and this type of corrosion is 
prevented. The stabilising element is added in approximately equimolar 
quantities to the carbon present in the steel. It is thus clear that 
if further carbon is added to the steel (e.g. by carbon deposition on 
the surface and diffusion down grain boundaries), there will not be 
enough stabilising element to react with all the carbon, and chromium 
carbide will be free to form.
2.5.5. Strength considerations.
Although stainless steels are generally chosen on the 
basis of their oxidation and corrosion resistance, from a practical
point of view their strength and thermal stability must be a factor
. . . 109m  deciding which alloy to use . For the temperature conditions
found in gas hydrogenators, i.e. up to a maximum of 900°C, the 18/8 
or 25/20 Cr/Ni steels possess satisfactory hot strength, although 
many other alloy steels would suffice as strength is not critical in 
this situation. Weldability of these stainless steels is also very
2.6. FACTORIAL DESIGN OF EXPERIMENTS.
2.6.1., Introduction to factorial design.
A factorial experiment is one in which an extensive number 
of experiments are undertaken in a planned manner, such that the final 
analysis will not only give the results and conclusions of the 
experiments, but also will give the experimenter an idea of the 
statistical significance of his results. It is an operation in which 
a number of "factors” - such as temperature, time, pressure, etc.- are 
varied simultaneously and is planned so that the optimum conditions 
can be assessed for the group of factors as a whole.
The traditional method of experimentation is to carry out 
a series of tests by holding all the factors except one constant, and 
varying this one, for instance temperature. Having found the optimum 
temperature for the experiment, the pressure, say, is now varied and 
the optimum pressure at that temperature is determined. There is one 
basic flaw in this method, however, which is that with this 
"optimum" pressure it has not been demonstrated that the temperature 
is still the optimum. As the number of factors that are varied in this 
stepwise manner increases, so the probability that the initial 
optimum temperature is still valid decreases. In other words, in a 
traditional experiment it is assumed that all the factors are 
independent, i.e.no interaction exists. This is in most practical 
cases untrue. A factorial experiment, on the other hand, tests all 
combinations (but see section 2.6.3. on confounding ), and thus an 
accurate determination of the best conditions for any process can be 
made.
2.6.2. Advantages and disadvantages of factorial experiments.
The principal advantage of factorial experimentation is
.that carrying out a given number of experiments will yield much more
information than the same number of experiments would if the traditional 
methods were followed. This statement can be taken to its logical 
conclusion that fewer experiments can give the same amount of 
information that could be obtained by the classical approach on a 
larger number of tests. Since this is the case, by defining the amount 
of information required, the number of experiments needed can be 
planned.
There are disadvantages too in this method, namely that it 
entails much more careful planning and extreme care in execution, 
since a single error could invalidate the whole series of tests. It 
is also rather inflexible, in that there is little scope for 
modification of the design once the tests have been commenced.
2.6.3. Confounding.
If the amount of information required would entail the 
execution of an unreasonably large number of experiments, then the 
amount of work necessary can be reduced by "confounding" the results. 
This means that when the results are worked out, there will be no way 
of telling whether a particular effect is due to a factor "A" or to 
another factor or combination, say "BC". At first sight this may appear 
to render the tests useless, but it is possible to arrange the tests 
so that the factors that are confounded are known. Further, it can be 
planned that a single factor "A" should be confounded with a high order 
interaction, say "BCDE". Now if this factor turns out to be significant, 
it is extremely unlikely that the effect of "BCDE" (a fourth order 
interaction) is anything but trivial, and so we must allot this 
significant effect to "A" alone. In short, careful design will ensure 
that, for a given experiment, confounding certain factors will not 
compromise the amount of information obtained, yet the number of
experiments can be drastically reduced.
The detail of the design and analysis of the factorial 
experiment undertaken as part of this work is set out in appendix 1 .
2.7. SUMMARY AND OBJECTIVES.
After reviewing the appropriate literature, the basic 
objectives for this work can now be clearly defined. The first part 
of the work will have the aim of determining the chemical state of 
the metal surface immediately before carbon deposition commences and 
during the initial stages of deposition. The contrasting activities 
of nickel and chromium need careful examination, particularly with 
regard to their movement into, or through, the oxide scale concurrent 
with the formation of a carbon deposit. The ideal tool for. this work 
is the electron spectrometer.
Subsequently, a factorial experiment must be designed, 
with the object of examining the effects of several variables such as 
metal composition, time, temperature, surface treatment and gas 
composition on the amount and type, of carbon deposit formed. This will 
lead into further experiments with the ultimate aim of attempting an 
understanding of the way in which carbon filaments are formed; this 
will also necessarily involve an investigation of the interaction 
between oxidation and carbon deposition, and finally a consideration 
of the relationship between these phenomena and metal dusting corrosion 
at high pressures.
Assuming that an understanding of the mechanisms behind 
these reactions is achieved, the eventual aim will be to suggest a 
method of inhibition of carbon deposition and metal dusting, using 
scientifically based principles designed to disrupt the depositing 
mechanism.
CHAPTER 3. EXPERIMENTAL TECHNIQUES.
3.1. X.P.S. STUDIES.
3.1.1. Introduction.
The general principles of X-ray photo-electron spectroscopy 
have been outlined in section 2.4.3. In the present section, the design 
of the machine used in this work will be described. Since the 
availability of these instruments is very limited, this work is very 
unusual in that it involved^taking over the spectrometer for continuous 
periods of several months in order to carry out oxidation tests within 
the instrument itself. The novelty of the experimentation meant that 
there were many prbblems to be overcome initially - this was the first 
major series of tests to be performed in this particular machine and 
since there were no previous results for comparison purposes the 
analysis of the first results was rather difficult. It was for this 
reason that the spectrometer had firstly to be calibrated, as will be 
explained in Chapter 4, before any series of tests could be commenced.
The technique was chosen primarily for the investigations 
concerned with the initiation of carbon deposition, where its small 
depth of analysis was ideal. It was also used to determine the 
oxidation state of other samples after more extended tests, but after 
a significant carbon layer had been built up, the underlying metal > 
could no longer be detected due to the small depth of analysis. In 
these cases, the microprobe analyser was used for routine analysis.
The materials used in the initial tests were commercial 
steels, of compositions approximating to the requirements indicated in 
the objectives set out in the literature survey.
3.1.2. The Spectrometer Design.
The spectrometer available was a Vacuum Generators ESCA 2
instrument, schematically represented in figure (6 ). As well as the 
standard analysis section, this instrument also possesses a specimen 
preparation chamber and a .temperature controlled specimen holder, both 
of which were invaluable in this work.
3.1.2.1. X-ray Source and Analyser Section,
A potential of 12 kV is applied to the aluminium anode, and 
electrons emitted from a heated tungsten filament are accelerated by 
this potential towards the anode. On striking the anode, X-rays with 
an energy of 1486.6 eV are emitted and pass through an aluminium
"window”, which prevents electron transfer, into the specimen chamber.
. -9
Pressure is maintained m  the X-ray source chamber at around 10 torr
-7 -2( 1.33 x 10 Nm ) by an ion pump.
3.1.2.2 . Specimen Chamber and Analyser.
In this area, which is pumped through a liquid nitrogen 
trap.by an Edwards oil diffusion pump backed by a rotary pump, X-rays 
strike the specimen at 45° and photo-electrons are ejected. The 
electrons pass through a source-defining slit, at which point they are 
retarded by a potential set up by the analysing equipment. Electrons 
of specified energy pass around the analyser hemisphere and are 
focussed onto an electron multiplier which produces a pulse for each 
electron reaching it. The pulses are counted and recorded. By gradually 
reducing the retarding voltage at the slit, electrons of lower kinetic 
energy can be focussed onto the detector, and a spectrum can be traced 
out.
For example, the analyser may allow a 40 eV electron to be 
focussed onto the detector, an electron of higher or lower energy not 
being allowed to travel the full length of the analyser hemisphere. 
Using aluminium radiation (1486.6 eV kinetic energy), a hypothetical 
electron with zero binding energy would be emitted from the specimen 
with an energy of 1486.6 eV. This must be retarded to 40 V to pass

through the analyser, so 1446.6 V are set to retard the electrons at 
the slit. If this voltage is now reduced in a steady fashion to say
1346.6, electrons of binding energies from 0 to 100 eV will be 
correspondingly focussed onto the detector; this voltage sweep is set 
on a linear ramp generator. On the final graphical print-out, a "scan" 
across the electrons having binding energies from 0 to 100 eV will 
have been carried out. The signal from the electron multiplier is 
amplified and fed to the Y-axis of an X-Y recorder. Binding energy or 
kinetic energy may be plotted on the X-axis. >
40 volts is frequently chosen as the analyser energy, as 
the allowed energy range at this voltage is very small. If 90 V, say, 
is selected instead, a wider band of energies is admitted leading t> 
loss of resolution; however, since a larger number of electrons reach 
the. detector, a high analyser energy is useful for the detection of 
trace elements in an alloy.
The final output is a plot of ramp voltage, V, against 
count rate of electrons hitting the multiplier. V is related to the 
binding energies of the characteristic emitted electrons, E^, by the 
equation :
V = 1486.6 - analyser energy - E^ - 
By calibration against known peak positions, is found to 
be 3.3 eV in this instrument. Two analyser energies were used. 
Generally, 90 V was selected, giving a resolution (measured as the 
peak width at half height) of the gold Nyjj peak of 1.66 eV and a 
count rate above background of 33 000 counts/second. For higher 
resolution examination of individual peaks, an analyser energy of 40 V 
was used, giving a resolution of 1.26 eV and a count rate of 10 900 
counts/second. The scan rate and time constant of the amplifier were 
always chosen so as to give maximum resolution of the peaks in a 
reasonable time.
3.1.2.3. Preparation Chamber.
The specimen is introduced into the spectrometer on a 
stainless steel holder via a separately pumped preparation chamber.
A resistance cartridge heater is fixed inside the holder, and holder 
temperatures of up to 700°C can be obtained. From calibration runs 
with a thermocouple welded to the specimen’s upper surface, this 
corresponds to a surface temperature of 500°C, and whenever specimen 
temperatures are quoted in this work, corrected surface temperatures 
are implied.
The preparation chamber also has facilities for introduction 
of various gases via needle valves, and five ports to which attachments
may be added. Two of these ports were in use for the pirani gauge
head and a viewing port, the ion gun was positioned in another, and 
two were not in use. The particular ion source used was manufactured 
by Ion-Tech Ltd.; using a potential of up to 5 kV, positive ions are 
accelerated towards a cold cathode and emerge as a straight-sided beam
when an aperture slit is introduced. Chamber pressures of the order
-3 -4 _;i -2 -2
of 10 to 10 torr ( 1.33 x 10 to 1.33 x 10 Nm ) are required
and beam currents of 50j*A could be obtained.
The whole machine could be enclosed by insulating shields 
and baked out at a temperature af 160°C, usually overnight. This 
treatment removed adsorbed species from the spectrometer walls, and 
resulted in a much improved vacuum. It was always necessary to do 
this after acetone had been used in the preparation chamber.
3.1.3. Materials and Specimen Preparation.
The analyses of the two commercial steels used are given in 
Chapter 4 (page 84). The specimens were cut from 1 mm sheet with tin 
snips, and ground on 600 SiC grit papers to the final dimensions 
suitable for the spectrometer specimen holder, (9mm x 6mm x 1mm).
After abrasion, the specimens were washed in acetone and analar 
methanol prior to drying. They were wiped with tissue before insertion 
in the spectrometer, as this had been determined in previous tests to 
be the most efficient method of removing as much contamination as 
possible.
3.1.4. A Typical Run.
The prepared specimen was put on the specimen holder, using
tweezers to avoid contamination by fingerprints, and secured in
position by 3 small stainless steel clips around the edge. The holder
—  6was inserted into the preparation chamber and pumped down to 1 0 torr 
-4 -2(1.33 x 10 Nm ). This operation took only a few minutes if the 
equipment had been recently baked out, but up to half an hour otherwise 
Connections were made to the heater element in the holder, and a 
voltage of up to 250 V was applied via a Variac transformer to heat 
the specimen up to around 500°C in vacuum. After maintaining this 
temperature for 1 0 minutes, the specimen was allowed to cool and the 
heater disconnected. The gate valve between the two chambers was then . 
opened and the specimen moved.forward by means of a screw drive into 
the analyser chamber. Having turned on the water cooling to the anode, 
the X-ray source was energised to 12 kV and 100 mA set as the filament 
current. The conditions required for the spectra desired were set on 
the ramp generator and amplifier and the voltage sweep was commenced.
Having recorded the spectrum on the X-Y plotter, the 
specimen was withdrawn into the preparation chamber again and the gate 
valve closed. Any number of treatments could now be given to the 
specimen in this chamber, before pumping down again and re-entering the 
specimen into the analyser for more spectra to be recorded. For example 
to oxidise the specimen in flowing CO , an Air Products CO cylinder 
was connected to one of the needle valves by a length of plastic tubing
The diffusion pumps were isolated and the chamber was brought up to 
atmospheric pressure by bleeding in some CO^. When atmospheric 
pressure was reached, a gas exit valve was opened and connected to a 
silicone oil bubbler by a short length of tube. CO^ was continuously 
fed in via the needle valve, the flow rate being monitored by the 
bubbler. After heating for a specified length of time, the exit and 
needle valves were closed and the chamber pumped down again before the 
gate valve was opened and the specimen re-introduced into the analyser. 
Spectra were then recorded of the oxidised specimen.
Depending on the nature of the specimens, a selection of 
the following spectra were normally recorded :
1) 1000V scan to determine the total elements present. ■
(from 1486.6 to 486.6 kinetic energy)
2) 50V scan to observe the iron 2p peaks (from 799.6 to 749*6 kE)
3) 50V scan to observe the Ni 2p peaks (from 649.6 to 599.6 kE)
4) 50V scan to observe the Cr 2p peaks (from 919.6 to 869.6 kE)
5) 50V scan to observe the C Is peak (from 1214.6 to 1164.6 kE)
Typical spectra produced are shown in figures' (7) to (11). 
Other detailed 50V or 20V scans were made where required. Typical 
values of the electronic constants set were :
Analyser energy ; 40V or 90V.
Time for complete sweep ; 500 or 1000 seconds.
Time constant for ratemeter ; 1 or 3.3 seconds, occasionally 0.33.
3 4
Full scale deflection ; 10 or 10 counts/second.
3.1.5. Analysis of Results.
The results are plotted out as kinetic energy (eV) against 
peak height in counts/second. As. previously shown, it is a simple 
matter to convert the kinetic energy measurement into a binding energy 
equivalent for the ejected electrons, and this figure needs no further
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analysis. From this figure, information on the nature and chemical 
state of the element involved can be obtained directly. However, the 
measurement of peak height in counts/second is not ideal, and it 
would be useful if this could in some way be related to the analysis 
in atomic percent of the elements present in the spectrum. The 
principles behind this conversion were outlined in section 2.4.3.9. of 
the literature survey. In practice the peak heights are measured by 
drawing a line across the base of each peak, preferably on a 50V scan 
rather than the 1000V scan, and measuring the peak apex down to this 
line :
resulting figures are divided by the appropriate Jorgensen factors 
to give peak heights in fluorine equivalents. For example, in a 
system exhibiting three peaks only :
Having done this for all the peaks in the spectrum, the
H / J = F where H = measured peak height for 
element a.
J = Jorgensen factor for 
element a.
F = fluorine equivalent for 
element a.
a a a
V 7  Jb = Fb
H / J = Fc c c
The atomic percent of element a is therefore given by :
F
% a a
F + F, + F 
a b c
3.2. PRELIMINARY FURNACE TESTS.
Specimens of suitable size for examination in the spectro­
meter and the SEM were cut from the sheets used in the XPS experiments. 
They were heated in open-ended silica tubes in a horizontal tube 
furnace where temperature control of 2°C at 700°C could be maintained. 
Carbon dioxide from an Air Products cylinder was bubbled through 
acetone at room temperature and passed over the specimens at 700°C at 
flow fates of up to 10 litres/hour. The specimens were heated and 
cooled in the gas flow to avoid oxidation by air. On removal, the 
samples were transferred either to the spectrometer or to the SEM for 
further examination.
3.3. THE FACTORIAL EXPERIMENT.
3.3.1 Design and Choice of Factors and Response Variables.
From the foregoing tests it was established that under the 
conditions employed, substantial carbon deposition could occur in the 
course of an eight hour experiment. If these times were to be involved 
it was considered that 32 experiments was the maximum number that 
could reasonably be undertaken in a factorial experiment. The factors 
that appeared to be significant from the literature survey were :
1) Material
2 ) Atmosphere
3) Surface condition
4) Temperature
5) Time
3.3.1.1. Materials.
As was determined from the literature review, the steels 
normally involved in metal dusting and carbon deposition problems in 
industry are 18/8 stainless steels. Rather than study a series of 
stainless steels in these experiments, a less confused picture was
obtained by studying binary alloys of iron with chromium or nickel at 
the same levels as in the 18/8 stainless steel. Four materials were 
thus chosen with the following specifications :
a) Pure iron.
b) 18% chromium-iron alloy.
c) 8% nickel-iron alloy.
d) 18% chromium-8% nickel-iron alloy.
It would also have been interesting to study the effects of minor 
elements such as manganese and silicon, but the number of materials 
was limited to four from experimental time considerations. The fourth 
material -a stainless iron- was chosen primarily as it is the 18/8 
stainless steel that is of interest and this is the composition 
nearest to it 5 also the design of the experiment was such that the 
fourth material had to be the "sui" of the previous two. in order to 
analyse the factorial successfully.
3.3.1.2. Atmospheres.
Acetone has frequently been used as a depositing medium
when studying carbon deposition on transition metal surfaces. It is
easily handled and dosed, and the carbon formed from it has similar
properties to that deposited from other organic species such as methane.
Methane itself is not as suitable as trace impurities which are very
114 .
difficult to remove have a drastic effect on its behaviour . Since 
eventual simulation of carbon deposition from methane was required to 
compare with metal dusting in gas hydrogenators, acetone appeared to 
be the ideal medium from all points of view.
The flow rate of acetone could also be varied to determine 
whether the residence time of the molecules has an effect. For this to 
be a useful exercise, the same mass flow of acetone was used at both 
rates by varying the partial pressure of acetone in the gas. This
meant bubbling the CO^ through acetone at 20°C for the low flow rate
4 „2 o
-partial pressure = 185 torr<(2.5 x 10 Nm ) - and at 6 C for the
■ 4 -2high flow rate - partial pressure = 93 torr (1.25 x 10 Nm )„ Also,
since sulphur has been used to inhibit carbon deposition industrially,
and as it had an unexpected effect on the initial surface composition
highlighted by the XPS work, some tests were carried out with a
sulphur-bearing compound (thiophen, C^H^S) added to the gas stream.
CO^ was bubbled separately through the thiophen at 20°C at 0.01 x the
rate of the acetone stream resulting in a partial pressure of 0.65 torr
-2
(86 Nm ), i.e. approximately 900ppm by volume.
The four atmospheres chosen were therefore :
a) CO^ at 3 litres/hour.
b) CO^ + acetone at 3 litres/hour.
c ) CO^ + acetone at 6 litres/hour.
d) CO2 + acetone + thiophen at 3 litres/hour.
3.3.1.3. Surface condition.
Since it was frequently suggested in the literature that a
cold-worked surface behaves differently from an annealed surface, two
surface treatments were chosen. The first was abraded to 600 SiC grit
o
to give a cold-worked surface, the second heated in hydrogen to 650 C 
to produce an annealed surface.
3.3.1.4. Temperature.
o
Carbon deposition gives trouble industrially around 700 C 
and so this was selected as a suitable temperature for the tests.
500°C was also used for comparison.
3.3.1.5. Time.
Using the preliminary tests as a guideline, a 2. hour test 
was chosen to give a fairly light deposit, and 8 hours to cause 
extensive deposition.
3.3.1.6. Replication required and choice of response variable.
Since the first two factors contain four effects each, the 
total number of factors involved, if this is treated as a 2 n factorial, 
is seven. This would necessitate 128 experiments, but as 32 were
deemed to be the maximum number to be undertaken, a quarter replicate
7 ’
of a 2 factorial was carried out. The design of the experiment i.e.
the combinations of factors used in the quarter replicate and those
left out were chosen by modification of a design from the tables
constructed by Mitton and Morgan (see Appendix). The simplest response
variable, weight gain, was chosen initially, as other response
variables could be subsequently calculated if necessary.
3.3.2. • Production of Materials. -» > > , -
3.3.2.I. Melting to produce the alloys. V
* The alloys were made up from high purity-Japanese iron,
supplied by Sheffield University, high purity nickel•(Henry Wiggin 
Ltd), and high purity chromium(Koch Light Metals Ltd). The metals were 
weighed out and melted into 150 gram bars in an arc furnace. The 
component metals were placed in recesses in a water-cooled copper 
hearth, and the furnace was evacuated and purged with argon. After 
re-evacuation, argon was let in to 1 torr pressure (133 Nm ) and an 
arc was struck between the thoria-impregnated tungsten electrode and 
some titanium metal on the hearth. This removed the last traces of 
oxygen in the atmosphere. The alloys themselves were then melted into 
50 gram buttons. When three had been melted, they were placed in a 
trough-shaped recess in the hearth and melted together to form a 150 
gram bar. Following remelting to ensure good mixing in the. bar, the 
final bar was cooled under argon to room temperature.
3.3.2.2. Rolling to strip.
Hot rolling to produce strip was undesirable owing to the 
risk of producing oxide inclusions in the product, and so the bars 
were cold rolled to begin with. However, this induced severe cracking 
which was unexpected as the hardnesses ranged from 80 VPN for the 
pure iron to 200 VPN for the 18/8 alloy. Metallographic examination 
revealed'a very large grain size - greater than ASTM 0 and visible to 
the naked eye. An attempt xvas therefore made to refine the grain size 
by heating under argon to above the A to form austenite and then
Z>
cooling fairly rapidly through the Y-a transformationtto form smaller 
a grains. However, even after repeated cycling, there was no evidence 
of grain refinement although the original columnar grains were more 
rounded and randomly oriented.
. The solution to the problem in some cases was to cold
forge the bars slightly to put some cold work into the.istructure and 
induce recrystallisation on subsequent annealing Just below the A^.
In the bars that responded to this treatment without cracking, 
alternate forging and annealing under argon was carried out until 50% 
reduction was achieved. In other cases when cracking always occurred 
even on cold forging, hot forging in the austenite region was resorted 
to at the risk of producing unwanted inclusions. This hot forging was 
also carried out until 50% reduction had been reached. The bars were 
then reduced to strip by alternate cold rolling and annealing; a 
certain amount of cross-rolling was necessary to produce strip wide 
enough for specimens suitable for XPS analysis.
After a final anneal, specimens were stamped out from the 
strip with a hardened steel punch and die, their final dimensions 
being 14mm x 9.5mm x 1.1mm, the corners being rounded. Each specimen 
was analysed by EPMA to ensure that there had been no inhomogeneity
in the strip. The results showed that the strip was homogeneous to 
within 0.2% chromium and nickel. The final analyses were determined 
by chemical methods to be :
a) Fe : less than 0.013% C, no metallic impurities above 0.1%,
balance iron.
b) FeNi : 8 .0% Ni, less than 0.014% C, no metallic impurities
above 0 .1%, balance iron.
c) FeCr : 19.2% Cr, less than 0.013% C, no metallic impurities
above 0 .1%, balance iron.
d) FeCrNi : 19.5% Cr, 8.45% Ni, less than 0.013% C, no metallic
impurities above 0 .1 %, balance iron.
The specimens were abraded on both sides and all edges to 600 SiC 
grit, cleaned in acetone and methanol, wiped with tissue and stored 
in a dessicator.
3o3o2.3o Heat treatment to produce surfaces free of cold work.
Selected specimens were put in a horizontal tube furnace 
which was purged with hydrogen for 15 minutes before heating to 650°C 
for 30 minutes in a slow flow of hydrogen from a standard BOC cylinder. 
After cooling under hydrogen, the specimens were removed and it was 
noticed that those containing chromium were tarnished. The hydrogen 
was not dried before use and it is possible that there was a small 
quantity of water in the gas stream.
3.3o3c Layout of Apparatus.
3.3.3.1. Furnace used in the tests.
The furnace used was a horizontal alumina tube furnace, 
heated by silicon carbide rod elements and using an Ether Transitrol 
controller. .The temperature inside the tube was accurately calibrated 
and was found to be constant to within 2°C at 700°C, the length of the 
hot zone at this temperature being more than adequate at around 60mmo
3.3.3.2. Glassware.
The specimens for each test were sealed into silica tubes 
as shown in figure (1 2 ) 5 two specimens were put in each tube and 
suffered identical exposure conditions. This was in order that 
several tests could be performed on the specimens subsequently, some 
being destructive. The silica tubes were tested under vacuum for 
leaks after sealing.
3.3.3.3. Gas flow apparatus.
The flow diagram for the apparatus is shown in figure (13)-
from CO
cylinder
-acetone
FIGURE 13.
to specimen tube in 
furnace then 
to silicone oil 
bubbler.
©  = Tap
0  = Flow-meter
—  = Constant
Temperature
Bath
This system of glass taps and polythene tubing enables 
the four required atmospheres to be selected easily* The flow meter 
for the CO^ and acetone was a Rotameter type, whereas the low flow 
rate of CO^ for the thiophen bubbler was measured by a pith-ball 
type meter. This meter had to be placed before the thiophen as 
sulphur-containing vapours are known to cause swelling of the float.
3.3.4. A Typical Run.
After abrasion and cleaning as previously described, two 
specimens were taken in a dessicator to be weighed. Weighing was
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carried out on an Oertling balance, which could be read to better than 
-41 x 10 grams. The specimens were then transferred.in a dessicator 
to the glass-blowing unit *where they were sealed into a prepared 
silica tube. As soon as a rough seal was made, the tube was corked 
at one end and evacuated to remove the water which had condensed on 
the specimens from the flame. The tube was then finally sealed 
carefully and evacuated with a rotary pump prior to leak testing with 
a glow discharge tester. Having removed the sealing cork, the tube 
was then connected'to the gas flow apparatus. Firstly, the system was 
purged with for 1 0 minutes at room temperature to remove air,
then as soon as the tube was introduced into the furnace the required 
gas mixture was selected by adjustment of the various taps.
At the end of the test, the specimen tube was withdrawn 
from the furnace and the specimen allowed to cool to room temperature 
under CO^o The silica enclosure was then carefully broken and the 
specimens reweighed before being stored ready for subsequent 
examination.
3.3.5. Examination of the Specimens.
3.3.5.1. SEM examination.
The instrument used was a Cambridge- Stereoscan. Specimens 
were fixed to stubs with silver "dag" and viewed normally at 20 kV 
anode potential. It was not usually necessary to coat the specimen 
as the deposit was found to be electrically conducting. Photographs 
were taken at a specimen/beam angle of 45° or sometimes at l°glancing 
angle to highlight a particular type of deposit growth. The 35mm 
FP4 film was developed in a standard fashion. Since the technique is 
non-destructive, these specimens could subsequently be examined by 
microprobe analysis.
3.3.5.2. Microprobe analysis.
The machine available was a JEOL JXA-50, 'with an attachment
for non-dispersive energy analysis as well as standard spectrometer
equipment. The non-dispersive system was normally employed as this
gave satisfactory resolution for the elements concerned and was much
faster than using the spectrometer. For normal vieiving and analysis,
25 kV anode potential was selected at a specimen current of around 
-102 x 10 amperes. When a depth profile analysis was required, the 
accelerating voltage was varied from 8 to 50 kV and the specimen 
currents adjusted to give the same "dead time” of approximately 2 0 % 
on the analyser.
3.3.5.3. Metallography.
Selected specimens were mounted in a hot mounting plastic 
in* such a way that cross-sections could be examined. They were 
abraded to 600 SiC grit and polished to 1^* diamond finishes in a 
standard fashion before etching in 2% Nital; some FeNi specimens were 
improved by electro-etching in a saturated solution of oxalic acid 
in water, and the FeCr alloys were etched in 10% HC1 in methanol. 
Micrographs were taken on 35mm FP4 film on Zeiss optical microscopes. 
Microhardness tests were performed on certain specimens using a 
Vickers microhardness tester with a load of 30 grams.
3.3.5.4. Other techniques.
Where it was considered beneficial, other methods of 
examination were employed. XPS analysis was performed in certain 
cases to define the oxidation states of the elements present. Since 
FeO and Fe have identical peak positions in XPS, when FeO was 
suspected to be present X-ray powder photography was used to 
investigate the deposit. A standard Debye-Scherrer camera of 114.6 
mm diameter was-used with vanadium filtered chromium radiation. The
deposit was cracked off the specimen, ground and glued onto a glass 
rod before mounting in the camera. Exposures of around 4 hours were 
necessary to give satisfactory lines on the film. Analysis was by 
means of a chromium d-rule and use of the ASTM index cards..
3.3.6. Analysis of the Results.
3.3.6 .1o. Weight gains.
The weight gains were analysed by stepwise regression as 
outlined in the Appendix. An equation was produced which indicated 
whether the various factors and interactions were important.
3.3.6.2. Micrographs from SEM.
Since it appeared that different morphologies of deposit 
were formed on different materials, another way of analysing the 
results was to observe the various types of deposit growth and 
attempt to coordinate all the observations into a general picture of 
the effects of the various factors on morphology. This was not a 
direct use of the factorial design and statistics, but helped to 
increase the amount of information gained from the experiments..
3.4. SUBSIDIARY FURNACE EXPERIMENTS.
3.4.1. Extra-factorial Experiments.
Further tests were performed at 700°C in an identical 
manner to those of the factorial experiment in order to fill in gaps 
left in the factorial experimentation caused by use of a quarter 
replicate design. The weight gains and morphologies were recorded as 
before. Also, with the aim of attempting an understanding of the 
way in which filamentary growth commenced, some tests were performed 
under identical conditions for periods of 5,10 or 30 minutes only.
3.4.2. Further Analysis of Weight Gains.
The total weight gains are only of limited value; more
fundamental information could be gained if the total weight were split 
up into weight gain due tb carbon deposition and weight gain due to 
oxidation. For this purpose, specimens were flexed in a vice to crack 
off the deposit. The deposit was then weighed in a previously fired 
crucible on an Oertling balance before firing in air in a muffle 
furnace at 900°C. Having burnt off the carbon, the oxide was re-weighed 
and the relative proportions of carbon and oxygen calculated. In this 
connection, it was assumed that the oxide was present as Fe^O^ in 
the deposit and converted to Fe2 0 3 on firing; a correction had 
therefore to be made to the weight loss on firing due to the weight 
gain of oxide conversion :
weight of deposit = x grams
weight after firing = y grams (of Fe 0 )
2 3
y g of Fen0o are produced by the oxidation of y. 232. 2 g.Fe^O„.
2 3  ~3~ 160 3 4
= 0.967y.
(since 2Fe3 0 4 + |C>2 = 3Fe2 C>3 )
therefore, weight of carbon in deposit = x - 0.967y. 
weight of oxide in deposit = 0.967y.
weight of oxygen in deposit = 0.967y . 64 = 0.368y.
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From these figures the ratio of oxygen to carbon in the
cracked off deposit can be found. From the total weight gain of the
specimen, recorded immediately after the test, the amount of carbon 
and oxygen making up the total deposit is easily calculated. Also,
the weight of carbon dissolved in the metal and as carbide must be
considered. From metallographic observations the volume of Fe C can3
be calculated and thence the weight of carbon as Fe0C. The weight of 
carbon dissolved in the iron was estimated from a knowledge of the 
matrix hardness after each test.. Dissolution of 0.1% carbon will 
very approximately increase the hardness over the range of interest
by 150 VPN. ~ From a knowledge of the specimen volume, an idea of 
the weight of carbon dissolved in each specimen could be obtained.
With the help of the additional experiments carried out 
after the factorial, a table could then be drawn up showing the amounts 
of carbon deposited and oxide formed after various treatments of the 
alloys.
In connection with the weight gain analysis, some of the 
cracked off oxides were viewed in cross-section in the SEM. Where the 
oxide would not crack off easily, fracture cross-sections were 
obtained by snapping the specimen under liquid nitrogen.
3.5. "IN-SITU" TESTS ON THE SEM'.
In order to attempt to view the commencement of carbon 
deposition, tests were carried out on an SEM equipped with a hot- 
stage and gas handling facilities at C.E.R.L., Leatherhead.
3.5.1. Equipment.
The microscope used was a Cambridge Stereoscan, fitted 
with a hot stage and a facility for bleeding gas onto the specimen 
surface via a capillary tube. The specimen holder layout is shown 
in figure (14). Heating is by means of a Watlow "Fire Rod" resistance 
heater, the thermocouple inset under the specimen acting as a 
temperature sensor for a voltage control unit; temperature variation 
was kept to a maximum of ± 0.5°C. The microscope could be operated
while gas was being passed over the hot specimen at a maximum
-3 -2background pressure of 10 torr (0.133 Nm ). The effective gas
pressure beneath the capillary at the specimen surface can be
116calculated from the kinetic theory of gases.. In these tests the
' _2 ' 
effective pressure was of the order of 1 torr (133 Nm ). Recording
of the experiment could be made either by individual polaroid pictures
taken when desired during the test or by continuous videotaping.
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Since the resolution on videotape was rather poor, polaroid film 
was used almost exclusively. Thanks are due to Mr A.Brown of C.E.R.L. 
for his assistance in this work. ■
3.-5.2. A typical run. /.
A specimen was ground to a suitable size (7 x 9min) on 600
SiC grit, washed in Analar acetone, dried and wiped with tissue. It
was secured in place on the specimen holder, clamping a thermocouple
to its underneath surface, and another thermocouple was bent to touch
the surface just off centre from the capillary tube. The specimen
stage was put into the microscope and pumped down to 1 0 ^ torr 
-3 -2
(1,33 x 10 Nm ). The gas handling system consisted of an acetone 
bubbler at room temperature and an Air Products C0 2 cylinder, with the 
possibility of pumping out the system first to remove air. Pressure
4 _2
was kept at around 4 psi (2.8 x 10 Nm ), and gas admitted to the
microscope by means of a leak valve. The valve was adjusted such
-3 -2that the residual chamber pressure was around 10 torr (0.133 Nm ).
Due to the extreme adverse effect of acetone on the rotary pump, this
pump was left on air ballast continually, giving a backing pressure
- 2 'of around 1.5 torr (200 Nm )„ The microscope was then switched on 
and an area for viewing selected. Photographs were taken of this area 
before oxidation. The heater was then switched on and the specimen 
heated as rapidly as possible to 700°C. Due to the expansion of the 
supports, the specimen moved extensively during heating and took up 
to 15 minutes to stabilise at temperature$ this made photography 
difficult. Slight movement continued for up to several hours but was 
not sufficient to seriously impair the photographs produced. Photo­
graphs were taken at intervals during the run, their frequency 
depending on how fast the reaction was taking place. The temperature 
was continuously monitored by a chart recorder and a close watch was 
kept on the pressure to avoid a possible overload of the pumping
system. At the end of the test, which in-one case was after several 
days duration, the specimen was cooled in the gas flow and final 
photographs taken at room temperature. The photograph sequences vjere 
mounted in collage form on a large sheet of cardboard for viewing.
3.6. HIGH PRESSURE WORK.
3.6.1. Materials and choice of experiments.
A short series of tests was carried out at high pressure
to attempt to relate the results obtained in the laboratory tests
at one atmosphere pressure to the industrial situation where carbon
deposition frequently occurs at around 20 atmospheres pressure. A
representative selection of materials and conditions was chosen to
enable a direct comparison to be made; the actual tests undertaken
are given in the table of results in chapter 5. The atmosphere used
was CO^ bubbled through acetone at room temperature and 350 psi 
-2(2.4 MNm ), thus the proportion of acetone in the CO^ was much less 
than in the previous tests.
3.6.2. Autoclave.
The autoclave used, was supplied by British Gas (Midlands 
Research Station). The apparatus (figure 15) consisted of an inner 
chamber constructed entirely in copper, which was a push-fit in a 
stainless steel support vessel. This combination was suspended in a 
large mild steel outer chamber, with insulating material filling the 
space remaining. A resistance heater mat was wrapped around the 
stainless steel vessel, and thermocouples sheathed in copper penetrated 
into the inner corrosion chamber. In this chamber specimens could be 
hung on a copper hook, and two copper pipes were provided for gas 
inlet and outlet.
The inner vessel could only support a pressure difference
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5 -2across the wall of 60 psi (4.1 x 10 Nm ) and so a pressure balance
across the wall was maintained by filling the outer vessel with
nitrogen to a pressure equalling thattin the corrosion chamber* The
■ -2
maximum working pressure of the system was 375 psi (2 . 6  MNm ) at 
700°C•
In order to heat the inner chamber to the order of 700°C 
a current of 40A had to be passed through the heating mat* This was 
obtained from two 2 0A capacity "Variac" transformers used in parallel 
(figure 16^ , and an Ether "Transitrol" controller* The voltage required 
to maintain this current was around 95V.
3.6.3. Gas handling system.
Owing to the necessity for a pressure balancing system,
and also because of safety precautions, the pipework necessary to
feed the autoclave was rather complex. The pipes used were 1/4" O.D.
mild steel (6.35 mm), connected with Ermeto couplings to the various
valves. Variable pressure dome regulators coupled to the system
ensured that the nitrogen and feed gas increased and decreased in
pressure automatically, preventing a pressure imbalance of more than
60 psi across the wall of the corrosion chamber. The whole system
is shown in figures (17) and (18).
To ensure a constant proportion of acetone in the CO^ .
during initial pressure build-up, the acetone could be pressurised to
375 psi separately in the first part of the apparatus before allowing
any gas through to the autoclave. The acetone saturator was made from
1/4" thick mild steel tube. Bursting discs (Pressure Products Ltd)
-2
with a maximum pressure of 500 psi (3.45 MNm ) were incorporated 
into the system as a safety measure.
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3.6.4. A typical run.
A specimen of dimensions 25 x 15 x l  mi was abraded on 
both sides and all edges to 600 SiC grit. After weighing it was hung 
on a copper wire from the hook in the corrosion chamber and the 
autoclave bolted down. The inlet and outlet gas pipes were connected 
and the apparatus was purged with CO^. The acetone bubbler was then 
attached and acetone + allowed to pass through for 5 minutes. The
control valve at the entry to the autoclave was then closed and the 
pressure adjusted to 375 psi in the acetone bubbler. The nitrogen 
supply was then brought up to 350 psi, thereby closing the exit valves
and then the gas was allowed in to the autoclave until 350 psi was
reached by opening the control valve in the CO^ line. At this point 
the exit valves, which are controlled by the nitrogen pressure, opened 
automatically and the pressure was adjusted to give a slow flow rate Of
gas. This was monitored by attaching a bubbler tube to the CO^ +
acetone exit line. At this stage the heater was switched on and the 
required temperature was reached in about 20 minutes. The expansion 
of the gas already in the autoclave resulted in a rapid flow of gas 
through the exit valves for this 2 0 minute period.
The temperature control was rough, since the thermocouple
monitoring the temperature was near the specimen and not near the
o oheater mat. A fluctuation of up to + 25 C was unavoidable at 700 C.
At the end of the test period, normally 6 hours, the heater 
was switched off and the autoclave cooled with the pressure still at 
350 psi. Cooling was accelerated by dousing the autoclave with water, 
since the temperature of the exterior was of the order of 2 0 0 °C by 
this time. After l-l§r hours, room temperature was reached and the 
pressure reduced by turning off the supplies at the cylinders, dis­
connecting the bubbler at the CO^ exit, and slowly letting out the 
nitrogen at the control valve point. In this way, both the inner and
outer vessel pressures reduced steadily until all the gas had been 
let out. The autoclave was unbolted and the specimen removed for 
weighing and examination.
CHAPTER 4. THE EARLY STAGES OF REACTION - XPS STUDIES.
4.1. INTRODUCTION.
The first steps of the reaction between steels containing
nickel or chromium were studied "in-situ" in the electron spectrometer.
The reactions were initiated by heating specimens in the preparation
chamber in the manner explained in section 3.1.4., where a typical
run sequence is described.
Since at the time of this work the XPS technique was still
very little developed, it was necessary to calibrate the machine with
standard samples of the materials to be used. Up to this time, the
102
standards used had been "bottle reagents" , which may well 
deteriorate in contact with air - particularly those elements which 
form more than one oxide - or standards prepared outside the spectro-
117
meter which risked contamination or oxidation during transfer to 
the spectrometer. The situation was rectified in this work by heating 
samples containing iron, nickel and chromium in the preparation 
chamber of the spectrometer in gas mixtures calculated to give known
oxides of the metals. Transfer to the analyser could then be made
without exposure of the prepared samples to air. From a knowledge of 
the likely behaviour of these metals under conditions of oxidation 
and carbon deposition, it was considered that detailed information 
on the spectral shapes and positions of the following species must 
be known :
Fe, FeO, F e ^ ,  F e ^ ,  Ni, NiO, Cr, C r ^ ,  Mn, MnO^.
These were arrived at by various treatments, undertaken in 
the specimen preparation chamber.
Fe : evaporated iron. Iron wire, supported on a tungsten filament 
in the preparation chamber was evaporated in vacuum
directly onto an iron substrate; transfer to the analyser
chamber was immediate to avoid any possible oxidation.
FeO : not determined, owing to inability to raise the
temperature of the specimen into the required region.
Fe_0 : evaporated iron, heated to 500°C for 10 minutes in CO
3 4 ^
(BOC Grade X reagent)
Fe 0 : evaporated iron, heated to 500°C for 15 minutes in air.
2 3
Ni : ion-etched nickel (Johnson Matthey Ltd.)
NiO : nickel, heated in oxygen for 10 minutes at 800°C (not in 
the preparation chamber).
Cr : ion-etched 12% chromium steel.
Cr 0 : 12% chromium steel, heated at 500°C for 15 minutes in
2 3
C02 (BOC Grade X).
Mn : ion-etched manganese.
MnO^ : standard (BDH Chemicals).
All spectra were measured relative to the carbon Is peak 
(283.7 eV binding energy) and the results are shown in figures 19 to 22 
and table (2). The carbon peak which is seen on all 1000 volt scans is 
due to contamination from the diffusion pump oil adsorbed on the 
surface. Since this carbon is adsorbed on top of the oxide layer, 
its potential floats with that, of the oxide and electrostatic charging 
of the oxide can thus be allowed for by measuring all peaks relative
to the carbon peak. In practice, the shift due to charging was
negligible in most cases anyway. The results from this work gave an
excellent basis for easy recognition of species produced in subsequent
tests.
Two steels were selected for the investigation of carbon 
deposition. Their compositions (determined by chemical analysis) were:
1) nickel steel : 9.3% Ni, 0.07% C, 0.5% Mn, balance Fe.
2) chromium steel : 12% Cr, 0.12% C, 1.0% Mn, balance Fe.
These steels were heated in a similar fashion to that described in
section 3.1,4., under several conditions. These were:
Fe_0
Fe
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FIGURE (19). Iron 2p peaks.
NiO
850 860 Binding Energy. (eV)
FIGURE (20). Nickel 2p peaks.
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FIGURE (21). Chromium 2p peaks.
Mn
MnO,
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FIGURE (22). Manganese 2 p^ 2  peaks
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-5 -3 -2a) in vacuo at 10 torr (1.3 x 10 Nm )
b) in C0^ at 1 torr (133 Nm""^)
c) in CO^ at 1 atmosphere (10^ Nm”’2 ) '
5 -2 -2d) in CO^ at 10 Nm containing acetone at 1 kNm
5 -2 -2e) in CO^ at 10 Nm containing acetone at 26.6 kNm ,
4.2. TESTS ON THE NICKEL STEEL.
4.2.1. Oxidation in C0^ o
After abrasion on 600 SiC grit, and vacuum annealing at 
500°C to remove contamination, the specimen was heated in the 
preparation chamber to 350°C for hours in CO^ at 133 Nm The 
spectra produced after cooling and insertion into the analyser chamber 
are shown in figure (23), and by comparison with the reference graphs 
it can be seen that magnetite was formed on the surface in sufficient 
thickness to obscure the nickel and underlying iron. A certain amount 
of carbon contamination was still present on the initial sample, and 
some of this remained throughout the test. A feature of this spectrum 
is that the concentration of manganese is very high on the surface.
An expanded scan of the manganese region was not carried out, but 
from the conditions of the experiment it is most unlikely that 
anything but MnO^ was present.
This specimen was then reheated in vacuo to 500°C. It is 
clear (figure (24) that magnetite was reduced back to iron (or FeO 
since the position of this peak had not been determined). At the same 
time, nickel reappeared in the spectrum and therefore must have 
diffused up through the iron (or FeO). It is very noticeable that 
manganese is enriched at the surface to a very large degree, and it 
is possible that the reduction of magnetite to iron and the subsequent 
diffusion of manganese through the iron is responsible for this; ;
2Mn + Fe 0 = 3Fe + 2MnO  ......(a)3 4 2
CO
O CQ
H|N
rH
H
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The fact that iron is present in the metallic state and 
not as FeO can be verified by use of the factors produced by 
Jorgensen, as stated in section 3.1.5. of this thesis. Considering 
the spectrum produced after reheating in vacuo, the peak heights are 
measured to be : ‘
0 = 5.4 (arbitrary units)
Mn = 4.4 
Fe = 6.5 '
C = 1.5
The carbon peak is not split i.e. no compounds of carbon exist, 
and this can be disregarded for the present analysis. Using the 
sensitivity factors, the values of jthe peak heights with respect to 
the fluorine Is peak are :
0 = 5.4/0.6 = 9.0 
Mn - 4.4/1.0 = 4.4 
Fe = 6.5/1.8 = 3.6
As the manganese is present as MnO^, the amount of oxygen assoc­
iated with the manganese must be 8 .8 .units. This means that there is 
not enough oxygen present to account for the presence of 3.6 units 
of FeO, and the iron must be present as Fe. Additional evidence for 
the occurrence of reaction (a) is that the total oxygen content 
remains unchanged as a result of the heating. Also, FeO would not 
be expected to form at this temperature from thermodynamic considera­
tions.
Using Jorgensen’s figures to convert the peak heights to 
fluorine equivalents, the oxidation of a previously annealed specimen 
can be represented by the table shown on the next page:
(The majority of the graphs from which the subsequent tables were 
constructed are displayed in the publication at the end of the 
thesis.)
Element State Vac. 
pk ht
annealed - 
at %
Ox. 350°. CO 
pk ht at %
reheated in vac. 
pk ht at %
Fe Fe 5.5 28.5 - - 3.6 15.7
Fe Feo0,
3 4
- - 5.3 26.8 -
Mn MnO
2
1.7 8.8 1.0 5.0 4.4 19.1
0 0 6.6 34.2 10.0 50.5 9.0 39.1
*
c C 4.0 20.7 3.5 17.7 4.0 17.4
Ni Ni 1.5 7.8 - - • 2.0 8.7
(TABLE 3 ? Fluorine equivalents)
Thus although manganese is enriched during the initial 
vacuum anneal, and again during the final anneal, it does not increase 
during the oxidation itself.
When a thicker layer is formed by heating to 500°C in a 
5 - 2flow of CO^ at 10 Nm , the surface composition is very similar to 
that obtained at the lower temperature and pressure. A significant 
difference in behaviour, however, occurs when this steel is subsequently 
reheated in vacuo - in this case no reduction of the magnetite occurs 
and the manganese concentration remains constant0 Nickel does not 
reappear in the spectrum :
Element State Vac. annealed 
pk ht at %
Ox. 500°. CO 
pk ht at %
reheated in vac. 
pk ht at %
Fe Fe 3.6 15.7 - - - -
Fe Fe3°4 - - 4.7 19.2 4.0 17.4
Mn Mn0 2 4.4 19.1 1.8 7.3 2 . 0 8.7
0 0 . 9.0 39.1 14.0 57.1 13.0 56.5
C C 4.0 17.4 4.0 16.3 4.0 17.4
Ni Ni 2 . 0 8.7 - - - -
(TABLE 4, Fluorine equivalents )
It would appear that all the available manganese has been
converted to oxide, and no metallic manganese can diffuse across the 
oxide to reduce the magnetite. Nickel was seen to diffuse easily through 
metallic iron in the previous test, but it cannot diffuse through a 
layer of magnetite.
(*it can be shown that a 2 0 % signal is a typical value for a monolayer 
coverage of, for instance, CO)
4.2.2. Oxidation in the presence of acetone.
Freshly abraded specimens of the nickel steel were vacuum
annealed and heated to 500°C in flowing CO^ containing acetone at a
-2 -2partial pressure of either 1.0 kNm or 26.6 kNm » Considering the 
lower partial pressure first, the initial concentration of MnO^ on 
the surface was unusually high after vacuum annealing. The effect of 
heating to 500°C for 10 minutes in CO^ + acetone can be seen by again 
tabulating the peak heights of the spectra, corrected by Jorgensen’s 
factors :
Element State Vac. annealed 
pk ht at %
Ox. 500°.acetone 
pk ht at %
reheated in vac. 
pk ht at %
Fe Fe 2 . 0 8.1 - -
Fe Fe3°4 - - 5.5 23.5 6 . 0
30.0
Mn Mn0 2 5.3 21.4 - - . -
0 0 1 1 . 6 43.8 13.0 55.3 9.0 45.0
c C 5.0 2 0 . 2 5.0 21.3 5.0 25.0
Ni Ni 0.9 3.6 - - - ■ -
(TABLE 5 , Fluorine equivalents)
This shows the dramatic effect of the presence of acetone
on the manganese concentration on the surface. On heating in pure
C02 , (section 4.2.1.) it remained fairly constant, but it has now
been completely eliminated. It is also significant that the
concentration of Fe ions as Feo0„ on the surface is much greater than3 4
after vacuum annealing. In other words the areas which were previously 
rich in MnO^ are now rich in ^e^O^. again clear that nickel is
overgrown by Fe 0 and does not diffuse up through this layer on
3 4
subsequent vacuum annealing. It is interesting that the acetone is 
having a marked effect on the surface composition of the steel, yet 
no carbon deposition has occurred.
. When tests were carried out at the higher partial pressure 
of acetone, carbon deposition was seen to occur. The peak heights in
fluorine equivalents are shown in Table 6 . The trends shown in this 
table can best be brought out by plotting the atomic percentages in
the form of a graph ;
80 h
60
ATOMIC
40
20
Fe
30 40 90
Oxidation Time (minutes)
FIGURE (25).
The initial vacuum anneal was not long enough to allow the 
manganese to reduce the magnetite and so a mixture of iron and 
magnetite exists at the start» As the thickness of the carbon layer 
increases, the other peaks are gradually attenuated,, Manganese and 
nickel are again not present; the final 1 0 % signal due to magnetite may 
arise from either a magnetite layer with a thin uniform carbon over­
layer, or from nodules of clean magnetite on a background of thick 
carbono
4o3. TESTS ON THE CHROMIUM STEEL.
4 03.1o Oxidation in CO^ .__
Because of its strong affinity for oxygen, the surface 
concentration of chromium is very sensitive to the method of starting
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the experiment* When abraded specimens are heated in vacuo, the 
surface becomes rich in chromium oxide and, as is the case with the
%
nickel steel, manganese.dioxide* This treatment for five minutes was, 
however, only sufficient to reduce 2/3 of the surface magnetite to 
iron :
Element State Vac. 
pk ht
anneal 
at %
15 min 
pk ht
.500° 
at %
45 min 
pk ht
o
.500 
at %
reheat 
pk ht
in
at
vac.
%
Fe Fe 1.5 5.1 - - - - - -
Fe FeA
3.0 1 0 . 2 6.8 23.9 5.3 17.5 3.8 1 2 .8
Cr CrA •3.5 1 2 . 0 1 . 6 5.6 2.5 8.3 2.9 9. 8
0 0 1 1 .0 37.7 16.0 56.3 18.0 59.4 13.0 43. 8
Mn Mn0 2 1. 2 4.1 1 . 0 3.5 1.5 5.0 2 . 0 6 .7
C C 9.0 30.8 3.0 1 0 . 6 3.0 9.9. 8 . 0 26. 9
(TABLE 7 , Fluorine equivalents)
After the initial oxidation of the iron, the surface
maintains a fairly constant composition; on reheating in vacuo again
nothing changes, there being no metallic chromium or manganese present in
a position to reduce the magnetite to iron. This entrapment of manganese
71
is inconsistent with Cox’s theory of element partitioning in oxides .
4.3.2. Oxidation in the presence of acetone.
_2
With acetone present, at 26.6 kNm in CO^, carbon was
deposited as with the nickel steel :
Element State Vac. anneal 
pk ht at %
30 min. 
pk ht
500° 
at %
120 min. 500°. 
pk ht at %
Fe Fe 1.3 6. 0 - - - - •
Fe Fe3°4
- - 1.5 5.5 0.7 2 . 6
Cr 5.0 23.1 2 . 0 7.4 2 . 8 10.4
0 0 9.0 41.7 6.6 24.4 5.3 19.8
Mn Mn0 2 1.3 6 . 0 - - - -
C C 5.0 23.1 17.0 62.7 18.0 67.3
(TABLE 8 , Fluorine equivalents)
Residual chromium oxide did not appear to be covered by 
carbon - in fact it behaves similarly to when pure CO^ was the oxidant 
in that it increases very slightly as the oxidation proceeds. The 
iron was always present as magnetite, but was gradually being covered 
by carbon with increasing time of oxidation» The carbon peak remained, 
at the binding energy of graphite and there was no sign of reaction 
to form carbides. For this alloy also, manganese is eliminated by 
the presence of acetone.
4.3.3. Oxidation of ion-etched substrates.
The very high surface concentrations of chromium and 
manganese developed by heating in vacuo are useful in that their 
reactions with the various atmospheres can be readily observed. 
However, it is possible that this initial oxidation locks up a large 
proportion of the available chromium as unreactive oxide. This surface 
enrichment in the alloying elements can be eliminated, yet 
contamination also removed, by ion bombardment of the surface instead 
of heating in vacuo. The surface concentrations seen after this 
method of surface preparation are found to be :
Element F equivalent
Fe 16.7
Cr(oxide) 2 . 2
Mn(oxide) 0.3
This gives an analysis of 11.7% Cr_0 , 1.5% MnO , which2 3 2
is of the same order as the bulk composition determined chemically.
On heating ion-etched specimens in CO^ + acetone, similar results 
were found, with respect to the elimination of manganese and the 
oxidation of iron to magnetite, to those which had been heated in 
vacuo; however the amount of chromium was always relatively small.
In one chance run, however, chromium enrichment even after
ion-etching was produced. Prior to most tests, and especially when 
acetone had been used previously, the spectrometer was baked out to 
remove contaminating species. In this case though, the spectrometer 
had not been baked out and the chromium steel was exposed to "dirty” 
CO^ at 500°C. In this situation, the chromium peak became enhanced 
with respect to the iron, and it appeared that chromium had segregated 
to the outermost layer of the oxide scale. In order to confirm this 
segregation, a depth profile of chromium and iron content was obtained 
by ion bombardment of the surface for given lengths of time, spectra 
being recorded at various stages in the process. The fluorine 
equivalents of the peak heights obtained were :
Element State Qx .500°.CC>2 
pk ht at %
Ion-B 
pk ht
lOmin. 
at %
Ion-B 
pk ht
40min. 
at %
Ion-B 
pk ht
lOOmin. 
at %
Fe Fe - - - 7.0 31.0 1 2 . 2 57.2
Fe Fe„CL 3 4
1.5 4.1 3.5 1 0 . 6 - . . -
Cr Cr - - 0.5 2 . 2 2 . 0 9.4
Cr Cr2°3
7.2 19.6 7.4 22.4 1.7 7.5 0 o 5 2.3
O 0 13.0 35.4 15.5
O0 6 .0 26.5 3.6 16.9
C C 15.0 40.8 6 . 6 2 0 . 0 7.4 32.7 3.0 14.1
(TABLE 9 , Fluorine equivalents)
This shows that as the oxide is gradually removed, the
concentration of iron increases and that of chromium decreases, i.e. 
chromium is at a maximum concentration in the outer layer. The 
increase in the chromium signal after ten minutes ion bombardment 
was due to the removal of carbon and its attenuating effect. If the 
heights of the iron and chromium peaks are compared, it can be seen 
that the Cr/Fe ratio was falling continuously :
Treatment Chromium Iron Cr/Fe ratio
Oxidised 7.2 1.5 4.8
10 min.I.B. 7.4 3.5 2. 1
40 min.I.B. 2.2 . 7.0 0.31
100 min.I.B. 2.5 1 2 . 2 0 . 2
This sequence is in contrast with the normal behaviour of 
this alloy after initial ion etching, when no enrichment of the outer 
layers in chromium exists. Whilst it is true that specimens heated 
in vacuo before oxidation always retain an enhanced chromium content 
on the surface throughout the oxidation, the degree of segregation 
is never as great as was seen in these tests» Nevertheless, it was 
found to be impossible to reproduce this chromium distribution when 
acetone was deliberately added as a contaminant to an otherwise clean 
system.
The only other instance that a considerable amount of 
chromium segregation to the outer layer occurred during oxidation was 
when the chromium steel was heated in CO^ + acetone containing 0,25 
volume percent The sample was ion-etched then heated in this
atmosphere for 4.5 hours. Spectra from this experiment Show considerable 
incorporation of chromium into the outer layer :
Species After 5 minute etch to remove contamination
Cr2°3
1 0 , 0
Fe 5.0
Fe0C> 1.5
3 4
4,4. DISCUSSION.
In this chapter it has been shown that by means, of XPS 
it is possible to determine the distribution of the alloying elements 
in the oxide formed on steels during oxidation in CO^ and to compare 
this with the behaviour of the same materials when acetone is present 
in the CO^ based atmosphere. Attempts to quantify the results using 
sensitivity factors have been made; the limitations of these factors 
have been stated, and although the figures produced from these 
calculations must be approximate, their use greatly aids the analysis 
of the spectra produced.
Only one very distinct effect of organic molecules on the
alloying element distribution was found: manganese was no longer in
evidence in any form near the oxide/gas interface. This behaviour is
118unexpected, although Wild has shown that manganese is lost by 
volatilisation above 500°C in vacuo. By analogy, the disappearance of 
manganese could be explained in terms of a volatile organo-manganese 
component. However, in subsequent tests to check this point, no 
manganese was ever detected in carbon deposits formed downstream of 
the steel or in the effluent gas. A simple alternative explanation is 
that magnetite growth is accelerated in the presence of hydro-carbons 
and swamps the selective diffusion and oxidation of manganese. This 
suggestion is supported by comparing tables (4) and (5). In pure 
magnetite is formed and the manganese dioxide, although present in 
large quantities at the start of the oxidation (table 4), in fact 
decreases in concentration during the oxidation (table 4). However, 
when acetone is present (table 5 ), the magnetite concentration 
increases to a much greater extent after 1 0 minutes and the manganese 
disappears.
An estimate of the thickness of the magnetite layer
required to reduce the manganese signal to an indistinguishable level
101
can be obtained from information by Brundle . In the experiment under 
consideration, the manganese peak would be indistinguishable from the 
background noise if it were reduced to less than 1 0 % of its original 
value. The attenuation of the signal by an overlayer of thickness x is 
given by :
1
^  = exp(-x/lsin0 ) where 1^ = intensity with an
■ o ' overlayer of thickness x
I = original intensity with 
no overlayer.
1 = electron escape depth
0 = angle of emission with
respect to the surface.
In this case 9 = 45° and the electron escape depth is of
the order of 1 nnf^\ Therefore a layer which will make the manganese
signal disappear into the background will be given by :
0.1 = exp(-x/l0sin45) (1 in Angstroms)
x - 2.3
7
x = 1 0 -lA =1.61 nm.
Thus a layer of magnetite 1.61nm thick will obscure the
manganese signal under these conditions.
The behaviour of chromium and nickel is as predicted from 
71 119extant theorie ’ . Under vacuum conditions, the oxidation potential
is such that chromium will selectively oxidise and it would therefore 
be expected to be present in enhanced quantities on the surface. Under
normal oxidation conditions in CO^, this is not the case and in fact
the outer layer is then rich in iron. The nroguen result which produced 
a chromium-rich layer on the outside cannot be simply explained, since 
repeat tests failed to reproduce it, but it seems possible in the light 
of the test using CS^ that sulphur contamination may have played a 
part.
In the test using CS^, the surface concentration was
considerably enhanced in chromium. Under normal oxidation in CO^, once
a layer of Cr 0 is formed at the base of the oxide scale, subsequent 
2 3
diffusion of metallic species through this layer is difficult. Chromium
particularly is well known to exhibit a very slow rate of diffusion
120
through oxides, especially its own. However, recent work by Romeo
has shown that when a Cr 0 scale is doped with sulphur by adding H S
2 3 ^
to the oxidising gas, the rate of transport of chromium through the 
scale is increased by several orders of magnitude. This therefore 
appears to agree with the present work where chromium escaped at an 
increased rate to the surface of the scale when sulphur was present. No 
sulphur peak was ever seen in the XPS spectrum, but since the theory
put forward by Romeo suggests that sulphur doping of the oxide was 
critical, the concentrations involved may have been below the 
detection limit of the technique(of the order of 1 0 %).
Nickel was unable to oxidise or substitute in a spinel 
lattice at any of the oxygen potentials employed in these tests, and 
therefore remained at the oxide/metal interface in elemental form. 
There was considerable evidence to show that nickel was unable to 
diffuse across the magnetite layer, even after prolonged heating in 
vacuo.
CHAPTER 5
THE DEVELOPING CARBON MORPHOLOGY - S.E.M. AND KINETIC STUDIES.
5.1. INTRODUCTION.
In the XPS work detailed in chapter 4, the nature of the 
metal surface at the initiation of carbon deposition was characterised. 
This work was then extended to include a study of the deposit after 
longer periods of time when a considerable build-up of carbon had 
taken place. As a preliminary to the design of the factorial experiment, 
tests were made to investigate the feasibility of performing such an 
experiment in laboratory tube furnaces. It was necessary to have some 
indication of the amount of carbon deposition occurring in given times 
in order to decide the lengths of time to be used in the factorial 
tests.
5.2. THE PRELIMINARY FURNACE TESTS.
The principal result of importance from these tests was the 
indication that after periods of up to 8 hours a substantial amount of 
carbon was deposited on the specimens. Three materials were in fact 
investigated - iron, an 8% nickel steel and a 12% chromium steel. The 
various types of carbon grown on each one can be seen in the SEM 
micrographs shown in figure (26). The nickel steel exhibited massive 
carbon growth, the carbon itself being of very fine filamentary 
structure, and the thickness of the deposit after 5 hours was several 
times the thickness of the specimen (1 mm). The deposit was very 
powdery and friable.
The deposit on the pure iron specimen was a little harder 
than the carbon on the nickel steel, and not in quite such great 
quantity* although it still amounted to several times the specimen 
thickness after 24 hours. The deposit fell away from the metal surface 
on removal from the reaction tube and the morphology of the carbon seen
nickel steel X4200
chromium steel X350 chromium steel X4200
FIGURE 26. The Preliminary Furnace Tests.
in the photograph (figure 26) indicates that the "stalks11 seen were 
broken by this occurrence. The thickness of the stalks was much
\
greater than the filament diameters seen on the nickel steel deposit; 
on iron the stalks were of variable size, averaging around 1.5 p m  in 
diameter, whereas on the nickel steel the filaments were typically
0. 1  ^ Am in diameter.
The chromium steel formed a deposit again of a different 
morphology and in a much reduced quantity. The deposit after 5 hours 
was very sparse, but after 24 hours the surface was covered with a 
filamentary type of growth with a thicker appearance than on the iron. 
The diameter of these filaments was often up to 4 ^um«
These specimens were also analysed by XPS. However, even 
after many hours ion bombardment to remove the carbon, no metallic 
elements were ever detected in any samples. The carbon deposit was so 
thick in every case that the metal was not detected under the deposit, 
and if any metallic particles were present in the deposit they must 
have been in a very small quantity. The noise level on the graphs 
produced would in fact mean that less than 2 % iron would not be 
detected in this situation.
5.3. THE FACTORIAL EXPERIMENT.
5.3.1. Weight gain results.
The experiments carried out and the total weight gains 
produced are shown in table(10). From these results, the weight gains 
of the two specimens in each test were averaged and stepwise regression 
performed as explained in the Appendix. The final equation produced 
was :
Weight gain = -353 + 52T + 27t - 24Cr„t + 109Ni.Ac - 123Ni.S
where : T = Temperature; 5 or 7 (= °C/100) 
t = time; 2 or 8 hours
Cr= chromium present or absent (1 or 0)
Ni = nickel (1 or 0) Ac = acetone (1 or 0) S = thiophen (1 or 0)
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Metal Surface Atmosphere Temp. 
°C.
Time Wt« Gain 
LHS„ -4 g x 1 0
Wt. Gain
RHS 
g x 1 0
Fe abraded low 700 2 364 271
FeNi abraded thiophen 700 8 98 124
TABLE 10 (contd). Weight gains in subsidiary experiments.
Thus weight gain increased with temperature and time, 
although when chromium was present the effect of time was more or less 
cancelled out - i.e.increasing the time of the experiment from two to 
eight hours on the FeCr and FeCrNi alloys had no significant effect on 
the weight of deposit formed. When nickel was present in the material, 
acetone additions caused a considerable increase in the weight of 
deposit formed, but thiophen reversed this trend. It is noticeable 
that the effect of surface condition does not figure in the equation,
i.e. changing the surface from abraded to annealed conditions did not 
significantly affect the amount of deposition,,
5.3.2. Morphological studies.
5.3.2.1. Specimens treated at 500°C.
An attempt was made to analyse the factorial by coding each 
type of morphology of deposit found on the various specimens. However, 
this suffered a serious setback when it was discovered that all the 
weight gains at 500°C were due to oxidation alone. By analysing each 
specimen treated at 500°C on the microprobe analyser (using the energy 
dispersive system for carbon), it was found that no carbon had been 
deposited on any specimen. It was because of this fact that extra 
experiments were performed at 700°C since it became obvious that it 
was the latter temperature which would provide the most useful results. 
Another useful negative result of the factorial was to eliminate the 
possibility of carbon being deposited at 500°C and enable all the work 
to be concentrated on the higher temperature. Some typical deposit 
structures from the specimens treated at 500°C are shown in figure (27). 
Since oxide of this form had not previously been reported, it was 
thought for some time that this type of deposit was carbonaceous. The 
oxide has the appearance of "reeds", growing in clusters of roughly 
parallel strips, the clusters themselves exhibiting random orientation.
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FIGURE 27. Treatments at 500°C.
The types of oxides grown on the Fe and FeNi alloys are basically 
similar; on the alloys containing chromium no deposit was produced at 
all, most of the specimens merely exhibiting a light tarnish film 
when removed from the furnace.
5.3.2.2. Deposition on pure iron at 700°C.
In CO^ alone, the surface of the sample became covered with 
a fine-grained oxide with an open texture (figure 28): XPS showed this 
oxide to be magnetite. In the presence of acetone (figure 29) after 2 
hours the oxide morphology was completely different from that formed 
in pure CO^, and also had a thin covering of carbon in filamentary 
form (carbon was determined to be present by microprobe analysis). After 
8 hours this carbon was sufficiently thick to obscure the underlying 
oxide and consisted of tangles of filaments (figure 30). The deposit 
formed when thiophen was present (figure 31) was filamentary in 
appearance, although the layer of carbon formed after 8 hours was very 
thin. The underlying oxide was partially obscured by this carbon, but 
it appeared that the morphology of the oxide had reverted to a type 
similar to that formed in pure CO^. In all cases the filaments of 
carbon formed had an average diameter of ca. 0. 1 um.
5.3.2.3. Deposition on the iron/nickel alloy at 700°C.
In pure CO^, the surface oxide again consisted of Fe^O^ 
alone, with the fine-grained open texture found on iron (figure 32'.).' 
There was perhaps a slightly more evident preponderance of linear 
groups of crystallites. With acetone, vast amounts of carbon were 
deposited as tangles of extremely fine filaments (ca. 0.3 urn) and the
oxide morphology was completely obscured by this carbon (figure 33). On
addition of thiophen (figure 34) large nodules of oxide similar to the 
oxide formed in pure CO^ were found, with a light covering of fine 
carbon filaments on the background between the nodules•
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FIGURE 28. Pure iron in CO^ at 700°C.
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FIGURE 29. Pure iron in CO^ + acetone at 700°C.
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FIGURE 30. Iron in CO^ + acetone for 8 hours at 700°C.
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FIGURE 31. Iron in C0o + acetone + thiophen for 8 hours
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FIGURE 34. Iron/nickel in CO^ + acetone + thiophen at 700°C.
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FIGURE 35. Iron/chromium in CO^ at 700°C.
5.3.2.4. Deposition on the iron/chromium alloy at 700°C.
On treatment in CO alone, the surface oxide was similar to 
that found on the iron and iron/nickel specimens, but was insufficient 
to cover the whole surface (figure 35). The isolated clusters gave a 
coverage of about 50%, overlying a thin featureless oxide on which the 
original polishing marks could still be seen. In the presence of 
acetone, even less oxide was formed, and the deposits of carbon were 
extremely sparse (figure 36). The few filaments that could be found 
were of larger diameter than those formed on the iron and iron/nickel 
samples, being around 0.5 ^ Jim. Addition of thiophen resulted in the 
elimination of any carbon deposition, but the growth habit of the oxide 
was completely changed to a "spiky" type (figure 37), quite unlike any 
form of magnetite previously seen on this or other materials. Analysis 
of this oxide by EPMA showed it to be iron based and to contain no 
chromium or carbon. Since the amount of growth was small - a very 
small percentage of the total surface area - analysis by XPS was 
difficult. However, the only species present on the surface were 
determined to be magnetite, chromium and carbon, and thus it is fairly
certain that the spiky oxide was Fe 0 .3 4
Since carbon growth was so slow on this material, an 
extended test of 65 hours duration was carried out at 700°C in an 
atmosphere of CO^ + acetone (low flow rate). The initial trend was 
continued, the filaments of carbon being of much larger diameter than 
on the other alloy systems (figure 38).
5.3.2.5. Deposition on the iron/nickel/chromium alloy at 700°C.
There was generally very little carbon deposition on this 
alloy; on oxidation in CO^, only a thin featureless oxide covered the 
surface and no outbreaks of magnetite were present. The oxide had 
cracked off in one area (figure 39). A few filaments of carbon were
X14G0 X14000
FIGURE 36. Iron/chromium in CO^ + acetone at 700°C.
X3700 X3500
FIGURE 37. Iron/chromium in CO^ + acetone + thiophen at 700°C.
X3500X350
FIGURE 38. Iron/chromium in CO^ + acetone for 65 hours 
at 700°C.
X250 XI600
FIGURE 39. Iron/nickel/chromium in CO^ at 700°C.
deposited in isolated areas when heated in the acetone-containing 
atmosphere (figure 40). Their size was similar to that of the filaments 
seen von the iron and iron/nickel alloy, being around 0 . 1 urn diameter .
On addition of thiophen, there was apparently no change, a few 
isolated filaments of similar diameter being formed (figure 41)«
5o3.3. EPMA analyses of the deposits,.
5.3.3.1. Iron/nickel alloy (table 11).
In all the deposits formed in CO^ + acetone atmospheres, 
large quantities of iron could be easily detected, and nickel was 
observed when high accelerating voltages were used (>30 kV). This was 
also true when the deposits were so great that some had flaked off - 
iron and nickel could be detected in these separate pieces of carbon. 
However, when thiophen had been present in the gas stream, iron could 
still be detected in the deposit but no trace of nickel could be found 
even at 50 kV accelerating potential. Due to the surface coverage of 
carbon, the count rate for the detector was very low, and treatment of 
the information in a quantitative manner would have been meaningless.
5.3.3.2. Iron/chromium alloy.
The deposit was always present as isolated clusters on a 
featureless background. In these clusters, only iron could be detected. 
On the backgrounds, a depth profile analysis was carried out on each 
specimen. In nearly every case, a layer of extremely chromium-rich 
material existed on the surface (this was determined to be Cr^O^ by 
XPS). Since all the graphs were similar, they have not all been 
included here; a typical result is shown in figure (42). The only
O ' . '
anomalous result was produced by an abraded specimen heated at 500 C m  
acetone for two hours (figure 43). In order to plot these graphs 
directly as distance below the surface against atomic percent, the 
curves need to be differentiated and the X-axis converted to micro-
X14000
FIGURE 40. Iron/chromium/nickel in C0„
+ acetone at 700°C.
X400
FIGURE 41. Iron/chromium/nickel in CO^ + 
+ thiophen at 700°C.
acetone
Atmosphere Temp. Time Surface EPMA analysis.
°C h kV % nickel
CO- 500 8 annealed 2 0 0
2 40 1 . 2
C0 „ + Ac 500 2 annealed 2 0 0
. 2 30
40
2.5
5.6
CO_ + Ac 500 8 annealed 2 0 0
2 30
40
0.5
3,2
CO^ + Ac +. S 500 8 abraded 1 0
5*0
0
0
CO? 700 2 abraded 2 0 o2 40 0.9
* C0 0 + Ac 700 8 abraded 2 0 5
2 40 5
* C02 + Ac 700 8 annealed 2 0
40
1
1
CO + Ac + S 700 8 abraded 1 0
\
50
0
2 -
0
Iron was detected in all specimens.
* = analysis of piece of carbon detached from the specimen. The 
count rate was correspondingly low and the results are very 
approximate. ^
TABLE 11. EPMA analyses of the iron/nickel specimens.
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FIGURE 43. Depth profile of FeCr, after treatment 
at 500°C for 2 hours in CO^ + acetone.
meters. However, since no useful purpose would seem to be served by 
this - no new information would be brought to light - in fact the 
conversion was not carried out.
5.3.3.3. Iron/nickel/chromium alloy (figure 44).
This alloy showed similar features to the iron/chromium 
alloy in that chromium always segregated to the surface, and the 
outbreaks of surface deposit which did occur were always rich in iron.
Nickel was prominent at most voltages used in the depth profile
analysis, but reduced to zero near the surface (10 kV) in every case. 
The depth profiles of an initial untreated specimen in the abraded and 
annealed conditions are included in the figure for comparison.
5.4. SUBSIDIARY EXPERIMENTS.
In order to carry out a full analysis of the carbon 
deposition at 700°C, some further experiments were performed in a 
similar manner to those in the factorial to fill in gaps in the design. 
The results are included in table (10), page 107.
5.4.1. Weight gains in terms of separated carbon and oxygen.
5.4.1.1. Deposition on iron.
The percentages of oxygen and carbon in the deposits were 
determined as explained in section 3.4.2. 9 and the results are given 
in table (12). It is immediately apparent that although the factorial 
experiment suggested no interaction between iron and acetone in the . 
gas stream, this was an erroneous conclusion. The total weight gain, 
which was used as the response variable, remained fairly constant when 
acetone was added to the C0^. However, it is clear that this was due to 
the weight of oxide being drastically reduced and the difference being 
made up by deposition of carbon. This reduction in oxidation rate is 
quite striking and only occurs when carbon deposition is active, i.e.
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FIGURE 44. Depth profiles of iron/chromium/nickel.
Metal Atmosphere Time Weight Gain (g x 1 0 '‘4 )
h. 1Total Surface 
Carbon
Oxygen Oxide^
Fe
C 0 2
+ Acetone 2 50 0 50 179
Fe co2 + Acetone 8 250 175 75 266
Fe
C ° 2
+
+
Acetone
Thiophen
8 195 0 195 700
Fe
C 0 2
8 245 0 245 880
* FeNi
C °2
+ Acetone 8 560 468 • 21 75
* FeNi
C °2
+
:+
Acetone
Thiophen
2 50 7 15 54
* FeNi
C 0 2
+
+.
Acetone
Thiophen
8 113 39 50 180
' FeNi
C 0 2
2 28 o 28 1 0 0
* = in these specimens significant carburisation was 
detected by metallography. This has been allowed 
for when calculating the surface carbon.
TABLE 12. Details of the weight gains at 700°C.
when the acetone decomposes. Whenever trivial amounts of carbon are ' 
deposited, the acetone merely acts as an inert diluent gas; it is 
present at 26 volume % and reduces the oxidation on iron to 0.07 g 
from 0.088 g, i.e.by around 2 1 %.
The oxygen pick-up after 2 hours in CO^ + acetone was 5 mg; 
assuming the acetone acts as a 26 volume % diluent again, in pure CO^ 
after 2 hours one would expect 6 . 6 mg of oxygen to be present as the 
oxide. After 8 hours the weight of oxygen deposited was 24.5 mg, i.e.
roughly four times as much after four times the time. It appears, 
although it can only be a very tentative conclusion with two result^, 
that an approximately linear rate of oxidation is occurring on the iron 
samples.
The interesting observation that deposition of carbon was 
very slight after 2 hours but extensive after 8 hours when acetone was 
present in the gas agrees very well with the SEM observations reported 
previously. The oxide, which is growing rapidly.up to 2 hours, is very 
severely checked by the onset of acetone decomposition between 2 and 8 
hours. The addition of thiophen has a drastic effect on carbon 
deposition, reducing it practically to zero after 8 hours exposure.
5.4.1.2. Deposition on iron/nickel.
Similar trends to those of the pure iron specimens are 
found on the iron/nickel alloy (table 1 2 ), in that the onset of carbon 
deposition retards the oxidation rate considerably; the oxidation rate 
in CO^ is approximately half that of the iron specimens anyway. Nickel 
appears to be much more effective in promoting carbon deposition than 
iron; with only 8% nickel added to the iron, the weight of carbon 
deposited after 8 hours was almost trebled compared with the pure 
iron sample. Addition of thiophen again drastically reduced the amount 
of carbon deposited.
5.4.2. Cross-sections of the oxides viewed by SEM.
From examination of the deposits in cross-section, it was 
apparent that the surface morphologies of the thick oxides were only 
surface decoration. In most cases the oxides were seen to be very 
porous, with one, two, or three distinct layers. An example of a two 
layer oxide is given by oxidation of iron in CO^ (figure 45); a very 
thick oxide was formed, the bulk of the deposit being made up of an 
inner layer with a small amount of another type of layer near the 
oxide/gas.interface. This latter layer exhibited somewhat larger pores 
than the inner layer.
A third layer was formed beneath the duplex scale in some 
cases - on iron when acetone was present in the gas (figure 46) and 
on iron/nickel under all conditions except those of rapid carbon 
deposition (although in the latter case the oxide component was small 
and a third layer, if present, may not have been resolvable). This 
third layer had a relatively compact appearance and the presence of 
FeO was confirmed by X-ray diffraction work. Although this layer 
appeared non-porous, the surface on which it was growing exhibited a 
preponderance of very large open pores (figure 46).
5.4.3. Short term tests. ..
5.4.3.1. Iron.
Even after only 10 minutes, the oxide growing on iron in
an atmosphere of CO^ + acetone was of a different type from that grown
in CO^, and after 30 minutes the trend was continued (figure 47).
There was no evidence of the relatively regular crystalline growth mode
of Fe 0 , characteristic of the oxide formed in CO . It is interesting 
3 4 ^
that after 1 0 minutes no carbon could be seen on the specimen; after 
30 minutes the surface oxide was starting to get a coating of very fine 
carbon filaments. Oxidation was clearly seen to precede carbon
m m
X350
FIGURE 45. Cross-section of oxide - iron in C0„ at 700°C.
<  + A
X1400X1050
iron iron/nickel
FIGURE 46. Cross-section of oxide - iron and
iron/nickel in CO^ + acetone at 700^C.
XI100X1400
30 minutes
FIGURE 47. Short term tests - iron in + acetone at 700 C.
X1400 X3 500
FIGURE 48. Short term tests - iron/nickel in
CO^ + acetone for 10 minutes at 700°C.
deposition in these tests.
5.4.3.2. Iron/nickelo
In contrast to the behaviour of iron after 10 minutes, 
carbon filaments could be seen to grow even after this short time of 
exposure to C0^ + acetone on the iron/nickel alloy (figure 48). The 
rate of oxidation was slower, but oxide similar to that formed on the 
iron in CO^ + acetone could be seen to grow simultaneously.
5.4.4. Metallography and hardness tests.
504.4.1. Iron.
In the as-rolled condition, the specimens were in a large- 
grained ferritic state (figure 49). Selected specimens were examined 
after treatment in the various atmospheres, but in no tests was any 
carburisation in evidence and the grain structure generally remained 
the same. However, as can be seen from the hardness values (table 13), 
the matrix hardness increased greatly when the iron was exposed to CO^ 
alone or to C-0 ■ + acetone + thiophen. It is interesting that in the 
case of exposure to CO^ + acetone, where a different type of oxide was 
produced and carbon deposition was extensive, no increase in matrix 
hardness was observed.
5.4.4.2. Iron/nickel.
The initial room temperature condition of this material was 
again ferritic (figure 49). However, after treatment in C02 alone the 
structure had changed to martensite, with a slight increase in hardness. 
The effect of acetone and acetone + thiophen was much mojre drastic. A 
band of white phase, of hardness up to 400 VPN was found at the edge 
of the metal near the metal/carbon interface (figure 50), and the bulk 
hardness was also much greater (table 13). Although thiophen had 
reduced the amount of surface carbon, the amount of carbon dissolved 
in the metal was at least as great as that after exposure to CO^ +
Metal Treatment VPN (matrix)
Fe as received 68
Fe CO^ 8 hours 142
Fe CC>2 + acetone 2 hours 85
Fe CC>2 + acetone 8 hours 81
Fe CC>2 + acetone 8 hours 135
+ thiophen
FeNi as received 149
FeNi CG„ + acetone 2
10 minutes 174
FeNi C02 2 hours 185
FeNi CO^ + acetone 8 hours 213
FeNi CC>2 + acetone 
+ thiophen
8 hours 235
FeCr as received 116
FeCr CO^ 2 hours 111
FeCr CO^ + acetone 8 hours 113
FeCr CC>2 + acetone 65 hours 120
FeCrNi as received 260
FeCrNi CC>2 8 hours 274
FeCrNi C0„ + acetone 2
2 hours 280
FeCrNi C02 + acetone 
+ thiophen
8 hours 283
TABLE 13o Hardnesses of the alloys after 
treatment at 700°C.
X40 X64
iron iron/nickel
X100
iron/chromium/nickeliron/chromium
FIGURE 49. Micrographs of the alloys
in the as-rolled condition.
XI60
XI60 X260
1
2
after treatment in CO + acetone + thiophen at 700°C
FIGURE 50. Micrographs of the iron/nickel alloy.
acetone only. The edge of the metal in both cases shows considerable 
attack - the surface appears to have been "eaten away" (figure 50).
5.4.4.3. Iron/chromium and iron/nickel/chromium.
The iron/chromium alloy retained the same structure through­
out the tests, having a single phase a structure with a medium to 
coarse grain size (figure 49). The iron/chroraium/nickel alloy also 
showed no change from its initial state, which was a very fine a grain 
structure (figure 49).
5*5. "IN^SITU" S.E.M. RESULTS.
Several experiments were undertaken, principally with the 
iron/nickel alloy but also with some pure iron specimens. In the first 
test on iron/nickel, oxidation commenced after a matter of minutes, 
but there was no sign of carbon filament formation. This continued for 
two hours then suddenly large quantities of filamentous material 
appeared on the surface (figure 51). This sudden change .was accompanied 
by frequent tripping out of the collector - due to carbonaceous 
material being attracted towards the positively charged collector. It 
was therefore suspected that this carbon was not growing on the 
specimen but was being produced in the capillary tube (which was of 
stainless steel and heated to above 700°C) and blown down onto the 
surface. This possibility was further supported when the tube blocked 
up after approximately 5 hours. On subsequent examination of the 
blockage, substantial amounts of filamentous carbon were found inside 
the capillary tube (figure 51).
In order to prevent the blockage, a wider bore stainless 
steel tube was next employed. After several hours only slight oxidation 
occurred (figure 52). In order to check that the gas stream was 
hitting the surface, a small quantity of air was allowed to leak into 
the C0^ + acetone line. After less than 20 seconds, the surface was
heated 1 minute X10000 heated 11 minutes X10000
heated 100 minutes X2000 heated 150 minutes X1000
carbon filaments X20000heated 250 minutes X200
FIGURE 51. In-situ oxidation of iron/nickel
in CO^ + acetone at 700°C.
X5000
20 s after admitting air.
XI0000
after 4 hours in CO
2^
+ acetone
jP'
FIGURE 52. In-situ oxidation of iron/nickel at 700°C.
X5000X1000
FIGURE 53. In-situ oxidation of iron/nickel in
o
CO^ + acetone after 48 hours at 700 C.
covered with a very large amount of crystalline oxide (figure 52). The 
test was then continued to see if the oxide would then catalyse carbon 
deposition but after 6 hours no further growth had occurred and the 
test was abandoned.
To set up a long term test, a copper capillary tube was
fitted to prevent any carbon deposition in this region. An iron/nickel
specimen was inserted and CO^ + acetone at a total background pressure
-2of O.l.torr (13.3 Nm ) was passed over the specimen for 48 hours.
Even after this time, although oxidation was by then extensive, no 
sign of carbon filaments was produced at all (figure 53).
An interesting piece of information was gained from the 
first tests - it was shown that the deposit formed at 700°C, both 
filaments from the tube and oxide on the specimen,.did not change at 
all on cooling from 700°C to room temperature, nor after exposure to 
air (figure 54). This knowledge is useful from the point of view of 
the factorial experiment, as all the observations from the factorial 
were made at room temperature after withdrawal from the reaction 
chamber and exposure to air.
One other observation during these tests was that as the 
specimens were heating up they all showed thermal etching effects 
very strongly as soon as the temperature reached 500°G (figure 55).
The work hardening caused by polishing must therefore have annealed 
out at this point (all the grains were equiaxed), and the factorial 
result that surface finish had no effect on the subsequent deposition 
of carbon is therefore not unreasonable.
5.6. HIGH PRESSURE WORK.
Owing to equipment supply difficulties, only five complete 
runs were carried out at high pressure. The tests undertaken and the 
weight gains incurred are shown in table (14) :
X800
after 4§ hours in CO^ 
+ acetone at 700°C.
X800
after cooling to room 
temperature and exposure 
to air.
FIGURE 54. The effect of exposure to air on the 
morphology of the carbon formed.
X2000
480°C
X2000
560°C
X2000
640°C.
FIGURE 55. Thermal etching effects on heating
iron/nickel in vacuum.
Material Gas Pressure Temperature Weight Gain 
(mg)
Fe
C °2
350 psi 700°C 13.3
Fe CO + Ac 350 700 3.0
FeNi
- 2
350 700 1.4
FeNi C0? + Ac 350 700 0 . 6
FeNi C ° 2 + Ac 350 700 0.5
TABLE 14.
It can be seen that, as in the atmospheric pressure tests,
when acetone is present release of reducing gases results in a 
reduction in the amount of oxidation of the specimen. These weight 
gains are slightly obscured, however, by the fact that general carbon 
deposition took place on the walls of the vessel and on the specimen 
by simple thermal pyrolysis of the acetone.
The specimens were examined further by scanning electron 
microscopy. The oxide formed on the pure iron specimen in CO^ alone 
was similar to that frequently observed by other workers in the high 
pressure CO^ oxidation field (figure 56); the oxide on the iron/nickel 
sample heated in CO^ was morphologically similar to that formed at 
atmospheric pressure (figure 57). When acetone was present, however, 
on all specimens carbon was seen to grow, usually in the form of 
irregular spheres (figure 58). Since this is normally the case when 
vapour deposition is taking place, some of the carbon deposited on the 
walls and on the copper wire hook was examined. This too had the same 
form (figure 59) and it was therefore presumed that the acetone had 
cracked in the gaseous phase to produce pyrolytic carbon which had 
deposited on every available surface. As in the tests at atmospheric 
pressure, the oxide formed when acetone was present took on a different 
morphology from that formed in pure CO^(figure 60).
Many samples of carbon were examined by EPMA, as was the wire 
from which the specimens were hung, to investigate the possibility of 
gas phase transport. In no instance could metal be found. A high voltage
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FIGURE 56. Iron in C02 at 700°C and 350 psi.
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FIGURE 58. Carbon formed on iron in C02 + acetone 
at 700°C and 350 psi.
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FIGURE 59. Carbon formed on the copper wire 
hook at 700°C and 350 psi.
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FIGURE 60. Oxide formed on iron/nickel
in CO^ + acetone at 700°C and 350 psi.
was used to penetrate the carbon to make sure that no metal was present 
underneath the carbon layer or inside the carbon particles.
The samples tested were analysed by XPS, and as expected 
magnetite was found on the surface. There was also a slight nickel 
peak, suggesting that nickel may possibly have been incorporated into 
a spinel structure at this pressure. However, the amount present was 
very small, and detailed analysis was impossible.
Since no catalytic carbon deposition took place on iron or 
iron/nickel, the chromium samples were not investigated, as no reaction 
could be expected. Also, as these tests were not giving results that 
were of any use in the present investigation, the specimens that had 
been tested were not examined further in any great detail. The 
hardness values showed no significant increase from the as-rolled and 
annealed condition, and no carburisation was visible under the optical 
microscope.
..CHAPTER 6. DISCUSSION.
At the conclusion of the literature review it was indicated 
that certain well defined objectives were to be undertaken in this 
work. The results of the tests carried out with these objectives in 
mind were given in the last chapters and these results are brought 
together for further discussion here. To produce a framework of ideas, 
it is useful at this point to pick put some of the trends and results 
of major interest from the last chapter. Such topics are :
a) the effect of nickel on the amount and rate of carbon deposition.
b) the competing reactions of carbon deposition and oxidation.
c) the relationship between carbon deposition and carburisation.
d) the inhibiting effect of sulphur.
e) the different carbon morphology on iron/chromium.
f ) metal dusting. -
It is within this framework that the mechanism of filament 
formation will be discussed. Finally, the role of this mechanism within 
the complex process of metal dusting, with its component parts of 
carburisation,and oxide formation as well as carbon deposition will be 
discussed.
■ • 1
6.1. The effect of nickel.
The dramatic increase in weight of carbon deposited'from 
acetone caused by the addition of 8% of nickel to iron is in accord
33
with the observations of Evans et al and those workers who
investigated alloys of nickel with iron and other metals, but is
contrary to predictions which might be made from a knowledge of the
3 5
order of reactivity usually ascribed to the pure metals . The addition 
of nickel to the iron was made in the expectation that it would 
increase the susceptibility to extensive carbon deposition because of 
its widely reported adverse effect in the metal dusting field.
The influence of nickel is all the more remarkable when 
considered in the light of the XPS work. There it was shown that when 
an iron/nickel alloy was oxidised in CO^ containing acetone, no trace 
of nickel existed on the surface, magnetite covering the whole specimen,
i.e. unlike other low level alloying elements e.g. manganese, nickel 
is not surface specific even in reducing environments. In order for 
the nickel to influence the growth of carbon, therefore, either nickel 
must be present in very small areas (< 1 0 % of the surface) as particles 
on the magnetite layer, or growth of carbon must commence beneath this 
layer on active nickel-rich sites. There was no direct evidence to 
support either one of these suggestions in the SEM examination of the 
specimens, but if growth had occurred from beneath the oxide it would 
be expected that rupture of the scale would be seen with carbon 
filaments extruding from the cracks in the oxide. A few areas of the 
specimens (figure 61) showed that this could possibly be the case.
A third possibility, that growth of carbon on nickel sites
..commenced before the magnetite layer formed, has been shown to be
unlikely,by the XPS work which showed that the iron oxidised to
magnetite well before any growth of carbon was detected. While it is
indeed possible that a few filaments may have been formed ( again
giving a surface coverage less than the minimum detection limit of
XPS), there are at least two reasonable arguments against this
suggestion. Firstly, it is difficult to visualize how the nuclei for
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filament growth appear on the surface at the outset. Baker has seen 
that on an iron/platinum alloy micro-segregation of the components 
occurs, leading to active growth centres, but he would not suggest that 
this happens on iron/nickel, nor does it happen if an oxidising 
atmosphere is present. Secondly, if all the filaments started growing 
before an oxide film was established, this would presuppose that no 
further loss of metal can occur by the filament growth route. Since
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FIGURE 61. Iron/nickel in CO^ + acetone 
for 10 minutes at 700°C.
metal loss is frequently catastrophic, it could not be caused by the 
initial nucleation of a few filaments on the surface. A method of 
filament growth is required where considerable transport of metal 
across the oxide can take place.
The question remains therefore as to whether nickel could
cross the oxide as very small particles to catalyse the deposition of
carbon, or whether the gas could get through the oxide to the nickel-
rich areas at the base of the scale. There appears to be no reason why
nickel should cross the oxide of its own accord to reach the surface.
Although many reactions will take place in the surface layers of a
steel, owing to the large number of elements present in small quantities
(e.g. Si, Mn, S), there is no driving force for nickel to cross the
scale to the surface. In confirmation of this, the XPS analysis of a
commercial steel did not detect the movement of nickel into- the oxide.
However, if gas Could get through to the base of the scale (and the
oxide has been shown to be extremely porous (figure 46, page 127),
nickel could catalyse deposition at the oxide/metal interface. Antill
122has shown similar build-up of carbon on iron and steel . If, in the 
presence of nickel, filament growth occurs by a similar mechanism to 
that proposed by Baker, a group of nickel atoms could be transported 
through the scale either through existing cracks and pores or by 
rupturing the oxide as filament growth proceeds. The preferential 
oxidation of iron would assist this process by leaving behind nickel- 
rich areas to act as sites for decomposition of organic molecules. 
Selective transport of nickel away from the metal interface as a second 
stage in the process would be in accord with both XPS and EPMA results.
Although contact with the gas may be presumed, the growth 
of a filament must be explained. At this stage, the pre-existence of a 
metallic particle will be assumed; the way in which these particles 
occur will be discussed later.
Carbon filaments have been seen to grow from nickel particles
24in the transmission electron microscope . By analysis of videotape
recordings it is clear that the particle at the head of the filament%
is causing the reaction, and once the filament stem is formed and the
particle has moved on, this stem takes no further place in the reaction.
The observation is that carbon precipitates out of the rear of the
particle, and thus carbon must be dissolving at the same rate in the
top regions of the particle. The measured growth rate of the filament .•
6would create a temperature difference of only =~= 10*" K across the 
particle, and the conclusion that this provides the driving force for 
the reaction as advanced by Baker et al seems somewhat tenuous.
Certainly this temperature drop will not be sufficient to provide the 
energy, for .initial nucleation of carbon at the base of the particle, i.e. 
a pre-formed nucleus must have been there from the start.
This simple nucleation effect could in fact itself be the 
driving force for the growth of the filament. If carbon is deposited 
in an active or "nascent" form on the top surface, it will dissolve 
and eventually cause a supersaturation of carbon within the particle; a 
series of reactions along the lines of the following will take place :
i ■
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Since C is a high energy form, - will be greater than the
free energy of normal carbon going into solution, :
k
C   C - AG
s bulk w 2
And since -AG° = RT Ln k, where k = the equilibrium constant, then
*
k,> k, and from the active carbon on the surface more than the 
equilibrium amount of carbon will go into solution. If a nucleus is 
present at the base, deposition will be preferred at this point and the 
observed transfer of carbon across the particle will be achieved. Again
the likely rate-determining step will be diffusion through the particle,
24
correlating with Baker’s calculations . .
Whether or not the temperature gradient acts as a driving 
force for filament growth is in fact not critical to the argument, but 
the important point arising is that the starting conditions for filament 
growth are even more specific than at first thought. Not•only must a 
catalyst particle be present initially, but this particle must have 
carbon pre-existing .at its base before filament growth can be expected. 
This suggestion is a possible explanation of a hitherto unexplained
result. It is known that no filaments grow on a clean polished nickel
o 2 5surface up to 500 C in a hydrocarbon gas ; however, filaments do grow
readily on a pre-oxidised nickel surface at this temperature, even
though in the reaction atmosphere NiO will be unstable and must revert
25to the metal to act as the catalyst * Yet if the oxidised nickel is 
reduced by hydrogen before the test, no filaments are formed. If the . 
only prerequisite was particle formation, the latter treatment might be 
expected to yield filamentary growth. However, if pre-existing carbon 
is necessary, the situation can be explained since on being reduced to 
the metal by the hydrocarbon, the nickel oxide will also produce carbon: 
e.g. CH4 + 2NiO = 2Ni + C + 2H^0
This carbon will.thus be available to act as a nucleus for
filamentary growth from the nickel metal particle.
Once the filament is growing, it becomes a very destructive
form of surface deposit, owing to its plane of growth being spacially
separate from the area in which the carbon is deposited. If part of
the top surface of the particle at the end of the filament touches an 
_pxide
obstacle, e.g. oxide, transport of carbon to 
the growing filament will not cease since carbon 
deposition on free areas of the particle will 
continue, and the filament will exert a force
oxide
Figure (62)
on the obstruction. It is quite feasible that in this way growth of 
carbon filaments through oxide layers could cause serious disruption 
of the protective nature of an oxide scale.
6.2. The relationship between oxidation and carbon deposition.
It was mentioned in Chapter 2 that although the mechanism of 
breakaway oxidation is very much in dispute, it is generally agreed 
that carbon is present in quantities up to 5% in all breakaway oxides 
on steels., A major part of the argument is whether this carbon causes 
the breakaway or whether it is merely present as a passive by-product 
of certain gas reactions involving CO and CO^. The present work also 
shows that when "breakaway” type oxide is well developed, carbon is 
always found to be incorporated into the growing oxide. However,,in the 
early stages it is in very minute quantities and in fact in the tests 
of ten minutes duration it was not proved to be present.
In the tests at 500°C, no carbon was deposited, and the
oxides formed on iron and iron/nickel in CO^ and in CO^ + acetone were
all morphologically similar. At 700°C, again the oxides formed in
on iron and iron/nickel were similar, but when acetone was added to the
gas stream the Oxides took on a form similar to the observed breakaway
type. From the tests on these materials after ten minutes exposure to
CO^ + acetone, it is clear that this type of oxide is growing almost
from the start of the reaction, even before carbon can be seen to grow
on the surface. Backed up by the XPS results, it is tempting to suggest
that initially the acetone breaks down at the surface to deposit carbon
which dissolves in the metal (and is obscured from XPS analysis) and
it is the resulting atmosphere in the region of the forming oxide which
causes the appearance of the breakaway type of oxide. In this respect
82this' supports the conclusions of Ant ill et al , xvho are of the opinion 
that it is not actually the carbon itself which is the initiator of
breakaway growth.
In many situations it has been shown that a reducing or near
reducing atmosphere is needed locally to initiate the linear growth
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rate associated with this type of oxidation. Thus Surman finds that
a minimum of 40% CO in CO^ is required to initiate breakaway on i r o n  at
one atmosphere and 500°c.0n the evidence that no carbon is deposited
below this CO/CO^ ratio, and yet carbon is found in breakaway oxide,
breakaway at high pressure is associated with build-up of CO within the
porous oxide to a level at which significant carbon deposition can
occur. It is therefore not surprising that in the present conditions
where carbon deposition is favoured, breakaway oxide is seen. The
decomposition of acetone will generate local regions of a reducing
nature (principally CO and ), and the situation will be analogous to
the CO build-up in C0^ atmospheres.
The general oxidising nature of the atmosphere where acetone 
decomposition has not taken place may account for the increased 
reactivity of nickel with respect to iron. An iron particle at the end 
of a growing filament will be susceptible to oxidation by the available 
C0^ and thus its "lifetime" as an active catalyst is likely to be 
relatively short. A nickel particle on the other hand has no such 
restriction and will remain active indefinitely as long as it does not 
become encapsulated in carbon.
6.3. The relationship between carburisation and carbon deposition.
Owing to the fact that the formation of nickel carbide is 
thermodynamically unfavourable, and in no work on carbon deposition has 
it ever been isolated, the carburisation of nickel as a step in the 
mechanism of carbon formation can be discounted. However on iron the 
situation is very different. Carbon deposition on pure iron is preceded 
by dissolution of carbon into the matrix and is accompanied by
carburisation. It is proposed here that the sequence of reactions 
occurring is as shown in figure (63). Initially the hydrocarbon is 
catalytically decomposed by the iron on the surface and carbon is taken 
into solution in the metal.
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When the solubility limit is exceeded (0.025%), slight supersaturation
will cause the formation of Fe3C on the surface. However, cementite
formation has been seen to be slow^, probably due to the slow
diffusion rate of carbon in a iron, and since the rate of arrival of
carbon on the surface is likely to be high, it will soon be favourable
for carbon to deposit directly on the surface. Since Fe C is not a
3
catalyst for carbon deposition, the carbon will form a fairly thin 
layer on the free iron surface. This, however, cannot thicken (there is
no evidence in the literature of carbon deposition being catalysed by 
carbon itself) and will be self-stifling, preventing access of gas to 
the iron. This situation is unstable, and the cementite, which at this 
stage is surrounded by carbon, will tend to decompose ; the carbon 
around it will provide a nucleus for its decomposition into iron + 
carbon, i.e. this carbon will catalyse the decomposition. This reaction 
involves a volume increase^ and so as the carbon grows from the sides 
into the centre of the Fe^C area eventually the iron produced will be 
"squeezed” out as a particle on the surface of the carbon. This-now 
fulfils the requirements for filamentary growth set out in section 6 .1 .
In the oxidising atmosphere of the present tests, the 
situation will be somewhat more complicated. It has been shown that at 
first the surface becomes covered in magnetite, and indeed the 
dependance of oxidation rate on gas composition suggests that the 
acetone is merely a diluent in the initial phase, so any carbon 
deposition reactions must occur by diffusion of acetone down micro­
cracks and pores in the oxide. It is not unreasonable to assume that 
the same process as was proposed for iron in a reducing atmosphere can 
occur at the bottom of a micro-crack :
oxide
metal F ^ C  nucleating .
Figure (64)
This would produce filaments extruding from a crack in the over- 
lying oxide, possibly with rupture of the oxide by the growing carbon, 
This type of growth has been seen in the present work.
Considering now the iron/nickel alloy, in a reducing 
atmosphere, dissolution of carbon into the Y solid solution at 700°C
will be rapid (of the order of twenty times faster than in a) and
extensive (up to 1%). Once the solubility limit is reached, Fe C will
form readily and leave nickel-rich areas on the surface. A typical
nickel-rich area will catalyse the deposition of a film of carbon on
its surface; localised regions of Fe C will then be decomposed by this
carbon to Fe + C and the conditions for filament growth are possible.
The decomposition of cementite may also be aided by the presence of
124nickel which is a well-known graphitising agent
In an oxidising atmosphere, the rate of oxidation of the 
iron/nickel alloy is much less than that of pure iron, and after a 
restricted amount of initial preferential oxidation of the iron, 
substantial nickel-rich areas will be produced. Thus by oxidation 
alone, particles of nickel may be produced and with a small amount of 
carbon deposited in the growing oxide, by the mechanism previously 
suggested for iron, filament growth is possible fairly quickly. One 
difference between this situation and pure iron is that carburisation 
will be extensive owing to the metal now being in the Y phase.
To summarise, these propositions are the result of a 
careful study of the literature and of the results of the present tests.
It appeared likely that ultimately a similar mechanism of filament 
growth must operate for iron and the iron/nickel alloy, since the 
product morphologies are more or less identical, even though ..the 
initial reactions and the amounts of oxidation and carburisation are 
very different. The theories proposed are designed to explain the 
effects seen in the present tests and also most of the work on similar 
materials in the literature. This they do tolerably well, and it is 
with this justification that they are proposed here. Most of the 
observations have been fairly straight forward - for example the lack 
of carburisation in iron and the extensive amount in the iron/nickel 
alloy has been explained by the relative rates of carbon diffusion and
the solubility of carbon in each metal. The clear indication from the 
results that the rate of oxidation decreases when filamentary growth 
is well developed can be accounted for by the much reduced oxidation 
potential at the oxide/gas interface caused by the acetone decomposition 
products.
One further point in connection with carbon deposition and
carburisation should be elucidated here. It has frequently been
reported that at the metal/scale interface a thin layer of epitaxial
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crystalline graphite is formed-.,. . This layer was not detected in
these tests by XPS, which is not surprising since it could have been
covered by an oxide layer. However, since many tens of tests of various
times and temperatures were carried out, it might have been expected
that if a layer was present it would have been detected at some stage.
50
The fact that it was never seen adds further support to Harris’s
observations that when basal plane graphite is seen it must have been
precipitated from solution during cooling.
Whenever a layer of graphite next to the metal has been
detected, it has been on nickel which has been shown to dissolve a
considerable amount of carbon at 700°C and precipitate it on the
50surface, even in an inert atmosphere, on cooling down . In the present 
series of tests, the carbon which was undoubtedly taken into solution 
at high temperature would not precipitate on the surface on cooling, 
since in these alloys iron carbide would be expected to form in the 
interior of the metal as the drop in temperature produced a super­
saturation of carbon. In the case of the iron/nickel alloy, in fact, 
the carbon supersaturation would lead to a martensitic transformation 
in the bulk of the material.
6.4. The inhibiting effect of sulphur.
From the literature survey it was seen that sulphur has
often been mentioned as having an inhibiting effect on carbon deposition,
and it is usually explained by saying that the sulphur molecules block
the active catalytic sites on the metal surface. This would be
satisfactory if it were not for the fact that if catalytic decomposition
of the gas were stopped, all carburisation should be stopped also. This
is, however, not the case since in the present tests carburisation was
at least as extensive in the experiments involving thiophen as those
where thiophen was not present, and carburisation in the presence of
' 15
sulphur additions has been noted previously . I n  the light of proposed
ideas, there are two points at which sulphur could block generation
and growth of filaments without impeding carburisation. Firstly, it
could act to prevent decomposition of cementite on the surface, thus
preventing the formation of a nucleus particle for filamentary growth.
This is not at all unreasonable, since sulphur is a well known
cementite stabiliser, reputedly due to its substitution in the Fe C
3
10 . . .
lattice o In principle this could be checked by observations on pure
iron, but in practise the extent of carburisation of a iron in the
presence or absence of sulphur was trivial. Secondly, since sulphur
poisoning of nickel catalysts has been well known in industry for a 
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long time , and is caused by blocking of the catalyst sites with 
sulphur molecules, it would appear that this is a likely mechanism 
to prevent growth of any filaments which were generated. The - 
carburisation of the alloy could still be caused by iron alone causing 
the deposition.
Although the poisoning of nickel sites would undoubtedly 
take place, in the iron/nickel alloy also the prevention of cementite
decomposition could be important. It has been proposed that in this
'
alloy the most likely mechanism of filament growth is initiated by the 
decomposition of cementite to give a carbon nucleus at the edge of a 
nickel-rich zone. If the sulphur prevents this decomposition, it is
possible that although nickel particles are available for filament 
growth, no free carbon exists around them to nucleate the filament 
growth mechanism.
6.5. The different morphology on the iron/chromium alloy.
The rate of carbon growth on the alloys containing chromium 
was very much less than on the iron and iron/nickel alloy. Although 
the few filaments on the iron/chromium/nickel alloy xvere similar in 
diameter to those on the iron and iron/nickel, when carbon grew on the 
iron/chromium alloy the filament diameters were very much increased 
and they generally had a more nodular appearance. As shown in the 65 
hour duration test, their rate of growth was slow - they xvere partially 
engulfed by a layer of amorphous carbon probably deposited from slight 
thermal cracking of the acetone (xvhich was also, seen on the silica 
tube).
The first observation from these results is that the
species responsible for the growth on the iron/nickel/chromium alloy
is almost certainly nickel since the addition of nickel to the iron/
chromium changed the morphology back to that seen on the iron/nickel
alloy. The protective Cr 0 layer will of course mean that the
2 3
filaments produced will be very sparse.
The filaments formed on the iron/chromium alloy contain
iron, as expected, but the ends of the filaments are rounded and there
is no suggestion of a particle in the tips. The morphology is so very
different that it would seem likely that a different mechanism of
growth is taking place. The form of the filaments and the presence of
iron along the stem rather than as a particle in the tip suggests that
the method of formation may be similar to that proposed for growth of
121carbon on iron/platinum alloys . In that case an iron particle on 
the surface produced "extrusion” of a carbon filament out from the
surface, and concomitant attrition of the iron led to the presence of 
finely divided iron particles in the skin of the filament. The analogy 
is far from complete, however, since there are some important 
differences between the alloys involved. For instance, the platinum is 
more reactive towards carbon deposition than iron, whereas in the
present case, the surrounding Cr 0 is relatively inactive*, also the2 3
rate of growth in the iron/platinum case was much more rapid.
6 0 6 . Metal dusting and its inhibition.
The mechanism proposed here for carbon deposition and the 
growth of carbon filaments can be incorporated into the experimental 
observations of Hochman outlined in the literature review. The 
carbonaceous products seen after metal dusting has taken place are 
often filamentary^ and carburisation of the metal is extensive - 
conditions similar in fact to those produced on the iron/nickel alloy 
in the present tests. The fact that oxide has been reported as being 
present in the products of metal dusting attack does not detract from 
the similarity, since the reaction atmosphere used in the tests was 
predominantly oxidising.
Accepting Hochman*s views at face value, with the mechanism 
proposed in section 6.3. assisting in the explanation of the steps 
involved in the attack, the detrimental effect of nickel should be 
brought out. If nickel is present in the carburised layer of the steel 
and is allowed to come into contact with the reaction atmosphere, the 
attack will be catastrophic. The maintenance of a stable Cr^O^ film 
above the nickel-containing bulk metal has been seen to be of limited 
value - after only 8 hours some filamentary growth was observed on the 
18/8 Cr/Ni alloy in the tests.
The observed effect of sulphur in the gas in preventing 
carbon filament growth but allowing carburisation to continue unchecked
is very important. From the XPS results it would appear that an 
addition of sulphur to rthe gas stream, coupled with an increase in the 
chromium content, should act to increase the liklihood of maintaining
a stable film of Cro0 on the surface.
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If materials specifications permitted, a more ideal 
solution would be to eliminate nickel altogether from the steel. A 
straight iron/chromium steel would have several advantages over the 
nickel-containing stainless variety. Firstly, the only carbon filament 
former present would be iron. When iron is catalysing filamentary 
growth, the distinct possibility arises that any oxidising gas present 
can arrest the catalytic activity by oxidising the iron particle.
Since oxide has been shown to be present under metal dusting conditions, 
the possibility of iron forming a catastrophic number of filaments is 
small. Secondly, the steel would be ferritic. Carburisation would thus 
be severely impeded owing to the relative difficulty of dissolving any 
carbon in the material. In support of this it was seen that after 65 
hours in CO^ + acetone, the iron/chromium alloy showed no detectable 
increase in hardness. High chromium ferritic steels are in use 
industrially, e,g, for furnace parts and heat exchangers, and steels 
such as type 430 or 446 may be considered suitable'*'^.
It is unfortunate that the high pressure tests could not be
developed sufficiently to confirm the trends shown at atmospheric
pressure. However, the structures and attack observed, particularly on
the iron/nickel alloy, are so similar to Hochmanrs results of high
pressure work that recommendations for inhibition of high pressure 
attack based on the present tests would seem to be justified.
6.7. Further work.
Having proposed a mechanism for carbon deposition on iron 
and -its alloys with nickel and chromium, a major piece of work is
required at high pressure, using the autoclaves already set up.
Extended tests of several tens of hours need to be undertaken to confirm
the trends observed at atmospheric pressure. The reaction gas most
suited to this would seem to be methane. It would then be of value to
test other steel compositions under these conditions, particularly
some high chromium steels, to determine whether these could usefully
be employed to combat metal dusting corrosion. In this respect it
would also be of interest to test some steels containing aluminium, to
determine the relative benefits of having an A1 0_ surface film.25.
compared to a Cr 0. layer. The protection conferred by these barrier 
2 3
layers could be investigated by some tests involving pre-oxidation of 
the steel.
In order to confirm the mechanism proposed at atmospheric 
pressure, more tests could conceivably be undertaken using acetone in 
an inert or reducing carrier gas. This would give more fundamental 
information on the processes occurring during catalytic decomposition 
of the acetone by iron and nickel. \
CONCLUSIONS.
a) Conclusions from the XPS work on the initial stages.
1) The principal constituent of the"surface oxide on the 9% nickel 
and the 1 2% chromium steels is magnetite.
2) Nickel is unable to oxidise in the atmospheres employed in the 
tests, and remains at the oxide/metal interface in elemental form 
It could not diffuse across the magnetite layer. . : 7.
3) The preferential oxidation of chromium is assisted by the
presence of sulphur in the reaction atmosphere. It is probable
that the sulphur acts by doping the oxide to allow easier ;
transport of chromium through the scale.
b) Conclusions on the later stages of carbon deposition.
1) Carbon deposition from acetone is catalysed by nickel in steels 
and to a lesser extent by iron. The formation and decomposition 
of cementite is a necessary precursor to filamentary growth of 
carbon in iron-based alloys.
2) The presence of substantial amounts of acetone in CO^ can promote 
a change in the morphology of magnetite on iron to that of a 
"breakaway" type. This type of growth may precede carbon 
deposition. "
3) Filamentary growth is initiated beneath the oxide scale at the 
bottom of microcracks and pores. The growth of filaments results 
in a loss of metal into the carbon mass.
4) The presence of sulphur inhibits filament growth but has no 
effect on carbon solution and carburisation in the metal. Its 
stabilising effect on cementite may have a major influence on 
prevention of filamentary growth in these materials.
5) A solution to the metal dusting problem should involve
elimination of nickel from the steel and possibly an increase 
in the chromium content. A ferritic steel will have greater 
resistance to carburisation and a high chromium steel should 
prevent serious filamentary growth of carbon.
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APPENDIX 1
DESIGN OF THE FACTORIAL EXPERIMENT. .
Having chosen the factors for the experiment, the design
127
was worked out from Mitton and Morgan’s tables . , using information
128
from a booklet by Mitton . This, was aided by consultation with 
colleagues of Mitton at the British Leather Manufacturers Research 
Association.
with the following notation ; each factor is present at a ’’high" level 
or a "low” level, the high and low levels of factor A being denoted by 
a and (1) respectively, the high and low levels of B by b and (1), etc 
Where the levels are not quantitative, e.g.surface condition, the 
high and low levels are allocated arbitrarily. An experiment with 
factors A,B,D and G at their high levels and C,E and F at low levels 
is given the symbol abdg, all the low level factors being omitted 
from the notation. The experiment with all the factors at the low 
level is denoted by (1 ); the list of all the possible experiments is 
therefore written :
(1 ), a, b, ab, c, ac, be, abc, d, ad, ....... to abedefg.
This is written in ’’standard order”. The factors at four levels 
e.g.material, are considered as for a combination of two level factors 
thus the allotted letters are :
The factors were first allotted a letter each from A to G
Material
AB
(1 )
A
Fe
FeCr
FeNi
FeCrNi
CO^ + low flow rate of acetone
CO^ + high flow rate of acetone
CO^ + low flow rate of acetone + thiophen
D
CD
Surface Finish annealed
abraded
Temperature (1 )
F
Time (1 ) 2 hours 
8 hoursG
Since only one quarter of the total possible number of experiment 
was to be carried out, a considerable amount of confounding of effects
the higher order interactions but not the main effects or dual 
interactions where possible. A block of 32 experiments was chosen by 
firstly defining which principal interactions would be confounded.
This could have been done using the tables alone in certain instances; 
in the present case some assistance was afforded by the tables, but 
as a 1/4 replicate of a 2 factorial was not in the tables some trial 
and error was necessary. It was found that the maximum amount of infor­
mation could be’ retrieved by confounding ACEF and BDEG. This also meant 
that their generalised product (algebraic product with squared terms 
crossed out) was also confounded, i.e. ABCDFG. Four separate blocks 
could be generated from these "defining contrasts”. Due to confounding, 
on - calculation of the effect of each factor it is found that certain 
combinations of factors are indistinguishable from each other, i.e. 
every factor has "aliases". The aliases for each factor are worked 
out by finding the generalised product of each treatment with each 
defining contrast, e.g. with defining contrasts as above, ac is a
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treatment in the principal block since it has two letters m  common
with contrast ACEF, none with BDEG, and two with ABCDFG. Its aliases
2 2 2 2 
are a c ef, abcdeg and a be dfg by multiplication i.e. ef, abedeg, and
bdfg. So in fact some dual interactions have aliases in this design
and this would have to be considered in the analysis; also it was
important in this connection that AB and CD were single effects. It
was unavoidable. The design of the experiment was chosen to confound
will now be clear why care had to be taken in choosing the defining
contrasts. If any others had been chosen, single main effects may 
have been confounded rendering the results useless. It was on this 
criterion that the original defining contrasts were chosen. The final 
list of numbered experiments with their aliases is
1 ac = ef = abedeg bdfg
2 cf = ae = bedefg abdg
3 bd = . abedef = eg = acf g
4 bg = abcefg = de = acdf
5 af = ce = abdefg = bedg
6 abed = bdef = acg n fg
7 abeg = befg = acde =: df
8 bedf = abde cefg = ag
9 befg = abeg — cdef = ad
1 0 dg = acdefg = be = abef
11 abfg = bceg = adef cd
12 acdg = def g = abce bf
13 abdf = bede — aef = eg
14 cdf g = adeg = beef = ab
15 adfg = cdeg = abef = ; be
16 bdefg = abedg = f = ace
17 abdeg = bedfg =. a r=’- cef
18 acefg = g = abedf = bde
19 acdef = d = abefg = beg
2 0 bedeg = abdfg = c = aef
21 efg = acg = bdf = abede
22 def = acd = bfg = abceg
23 aeg = ■ cfg = abd = be def
24 ade cdf = abg = bcefg
25 abcef = b = acdfg = deg
26 cde . = adf = beg ■ = abefg
27 bef = abc dfg = . acdeg
28 ceg = af g = bed = abdefg
29 abe = bef = adg = cdefg
30 bee = abf cdg . = adef g
31
32
abedefg
(1 )
= ■ bdg .— acf = e
In order for a statistical analysis to be made, the experiment 
were carried’out in random order. This was found from a table of random 
numbers.
This design was intended for analysis by standard methods 
involving calculation of effect totals and their significance, either 
manually or by computer. However, it was later observed that there 
was an error in the design of the experiment. The labelling of the
factors A and B was correct since A = 18% Cr alloy, B = 8% Ni alloy,
therefore AB = 18/8 Cr/Ni alloy. However, C was CO ■'+ low flow rate
of acetone and D was CO^ + high flow rate of acetone, thus CD could
not in fact exist, and the parameter selected was erroneous. This
meant that the experiment could not be analysed as intended and
stepwise regression techniques had to be employed. This is a very
129
lengthy process and required the use of a computer .
The principle of the method was as follows. Equations were
written for each experiment in the form :
Weight gain = a.x + a_x^ + a 0x _ . a x . x .  +.
X X  3 3 3 3 V X 3 e e
where a = numerical coefficient
x = the parameter involved, e.g. material, time, etc.
For this type of equation the parameters had to be given
numerical values, and the following notation was employed :
x^ chromium present = 1 , chromium absent = 0
x^ nickel present = 1 , nickel absent = 0
x acetone present = 1 , acetone absent = 0
x^ flow rate high = 10, flow rate low = 5 (flow rate in cm /minute)
Xj_ thiophen present = 1 , thiophen absent = 0
x . surface abraded = 1 , surface annealed = 0 
6 3o o
x^ , temperature 700 = 7, temperature 500 = 5
Xg time 8 hours = 8 , time 2 hours = 2
Thirty two single and dual interactions could be analysed 
for in this way, and since the total number of these factors present 
was 37, including weight gain as one variable, some had to be eliminated 
Just as in the initial design some factors had aliases, so in this 
design a correlation existed between some factors and others. The 
computer printed out the entire correlation matrix between the various 
factors and the ones which had correlation values approaching one with 
each other could be removed. Thus the five which correlated to the
highest degree in the list were removed, leaving the required 32
variables. These five were in fact the dual interactions with
temperature which correlated with the ones for the single factors :
Cr x T = Cr 
Ni x T = Ni 
acetone x T = acetone 
thiophen x T = thiophen 
time x T = time
The 32 experiments were written down and solved by the computer 
as standard simultaneous equations. The result was an equation showing 
the effects of the various parameters on weight gain. The next stage 
was to determine which of the 32 parameters were significant. This 
was done by applying the equation to each of the separate 32 
experiments and comparing real values obtained in the tests with the 
values estimated by the equation. After calculation of the variance 
between experiments and the difference between observed and calculated 
values of the weight gain, a standard f-value was computed for each 
parameter. All non-significant values were then ignored and the 
equation written in terms of the significant factors only. The equation 
wa,s then recalculated using these factors alone. The f-values of these 
remaining variables should then be higher. The equation was then 
altered step by step, adding in variables of,intermediate f-value and 
extracting others, always with the objective of ending up with an 
equation with variables of the highest possible f-value present. In 
the case in point, the equation produced after initial removal of all 
non-significant (taken as f < l )  values of the variables had the 
following present :
variable coefficient f-value
Cr 120 2
Ni -149 2.7
Temperature 51 10.3
Time 17 3.4
Cr x Ni -79 1.5
Cr x Ac -94 2 „ 1
Cr x S 118 ' , 3
Cr x t -30 7.8
Ni x flow rate 183 8
Ni x S -129 3.6
Ni x t 24 4
Ac x t -106 2.7
Constant -311
Highest value not in the equation = 0.7 (surface condition)
However, after much addition and subtraction of variables, the
optimised condition came out to be : -
variable coefficient f-value
Temperature 52 9.3
time 27 18
Cr x t -24 17.4
Ni x Ac 109 7.3
Ni .x S -123 4.3
Constant -353
Highest value not in the equation = 0.9 ( Cr x S )
The final equation was therefore :
Weight Gain = -353 + 52T + 27t - 24Crxt + 109NixAc -123NixS.
APPENDIX 2.
QUANTISATION OP THE XPS RESULTS.
A quantitative approach to the XPS results was taken in this 
thesis to give the reader a better appreciation of the results obtained. 
However, the technique is still in its infancy, and detailed information 
on the accuracy of the data computations is not available. The main 
problem is that the intensity of a given peak from a chemical species 
in the specimen is related to the analysis of the specimen by a 
relationship in which the constants are inaccurately knownj
*. * (2‘)- *nZ-V V .
where : Z° = atomic % of element Z in a given
.. chemical state in the sample 
= emissivity of level n 
X„ = attenuation length at energy E 
kg = collection efficiency at energy E
measured intensity
It is implicitly assumed that 1^ relates exclusively to the
concentration of Z* „ This assumption may itself be in error in that
overlapping peaks from different chemical states of the same element
can give a misleading value of the main peak height measured. In this
work, accurate standards of the relevant metal and oxide were prepared
and splitting of the peaks was considered effective to within a few %.
The other factors were not determined but were taken from the literature.
The emissivity (Jorgensen’s factor) has been estimated by Jorgensen to
*
be within + 2 0 %, although recent evidence suggests this to be very 
pessimistic.
The broad dependence of X  on electron energy is now clear from
131several independent pieces of work, that due to Powell being the most 
recent. However, the dependence of X on matrix material is not clearly
* Wagner, letter to J.E.Castle, December 1975.
understood and insufficient data are available to give an empirical 
assessment. The scatter in the values given by Brundle^^is of the 
order of ±30% at 700 eV.
The a value of Jorgensen was determined on a Varian IEE 
spectrometero For these values to be accurate for use here, the VG ESCA 
spectrometer used in this work would have to have the same collection 
efficiency curve as the Varian instrument. This is a source of error, 
but in fact the efficiency curve for the two machines is known to be 
similar and the error produced is small, i.e.
a* = a k *E where a* = value determined for ESCA.
^E a = value determined for IEE.
k^ = collection efficiency of 
ESCA at energy E. 
kg = collection efficiency of 
IEE at energy E.
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Abstract—The deposition of carbon onto steel surfaces from hydrocarbon rich atmospheres is a considerable 
industrial nuisance and has been the subject of many previous studies. It is well known that both the reaction kinetics 
and morphology of the deposit are dependant on the composition of the steel. Generally it is observed that nickel 
enhances and chromium retards deposition. Many authors ascribe this differing behaviour to the catalytic properties 
of the individual metals or their oxides. We report here an ‘in situ' XPS examination of the composition of the oxide 
layers on nickel steel and chromium steel substrates, as they develop during the course of nucleation and deposition 
of carbon from carbon dioxide containing acetone. In virtually all cases the substrate on which carbon deposition 
occurred was magnetite (Fe30 4). We could find no evidence f of the escape of the underlying nickel or chromium into
the carbon deposit during the early stages of reaction, 
eventually acquired their characteristic morphologies and 
the alloying elements are more important in determining 
growing carbon.
1. INTRODUCTION 
The problems caused by carbon deposition in the gas, 
petrochemical and nuclear power industries are well 
known through descriptions by previous authors [1,2]. 
The results described in this paper were obtained as part 
of an investigation of the deterioration of the surface 
properties of steels on which the carbon deposition occurs 
(The “ Metal Dusting Phenom enon” ). Nevertheless they 
should be pertinent to that work concerned with the effect 
of carbon on heat and mass flow and possible to work on 
the breakaway corrosion of steels in the C 0 2 coolant of 
nuclear reactors [3-5]. In each case the environment is at 
high pressure (1-2 MN/m2) and tem peratures in the range 
600° to 850°. Its composition is complex and will contain 
C 0 2, CO, H 20 ,  H 2 together with organic molecules and 
free radicals. Generally speaking, in a nuclear coolant the 
gas will be C 0 2-rich with an oxygen potential sufficient to 
oxidise all elem ents present in the steels with the 
exception of nickel; in a catalytic convertor the gas is 
hydrogen-rich and reducing to all oxides.
The Boudouard Reaction
2CO —> C 0 2 +  C, (1)
has probably received closer study than any of the other 
mechanisms by which carbon can be laid down from 
organic species [6-8]. Studies of the catalysis of this 
reaction by iron and magnetite, Fe30 4, show that reaction 
ceases when the oxygen potentials of the C 0 /C 0 2 
mixtures, at either elevated or atm ospheric pressure, 
exceeds that for the redox reaction [9]
However, as observed by earlier workers the deposits 
were then rich in the alloying elements. We conclude that 
the resistance of the magnetite layer to disruption by the
Fe30 4—>3Fe + 4[0]. (2)
O ther authors have produced results showing that in 
excess CO, iron oxides are first reduced to  iron before 
carburisation or carbon deposition comm ences [2,7]. 
Even in such an elem entary system there remains 
considerable discussion on the identity of the catalyst for 
carbon deposition. Various authors have suggested 
iron[7], Hagg carbide Fe2C[6], cem entite F e3C[6] or 
FeC 3[10] as the active species. Catalyst particles 
frequently break up and reaction on each individual 
fragm ent then gives rise to filamentary growth.
The m orpholpgy of the deposit depends very m uch on 
the stoichiom etry and purity of the original oxide used as 
the catalyst. It is not therefore surprising that a wide range 
of morphologies are observed when deposition is catal­
ysed by the surface of a commercial steel [2].
Prior to  plant commissioning all steels will carry an 
oxide layer which will be characteristic of their exposure 
to  air, rather than that of the environm ent to  be 
encountered during operation. In many cases deposition 
seems to  be preceded by an induction period [1] as would 
be expected from  results obtained using pure oxides. 
H ow ever even thin oxide films on steels are know n to be 
stratified into layers containing elem ents redistributed in 
proportions very different to those existing in the bulk 
steel [11,12]. It is also known that elem ents associated 
with commercial steels have very different catalytic 
activities towards carbon deposition [2]. In particular 
chromium appears to retard deposition whilst nickel may
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enhance deposition relative to  iron [1]*. Thus it is to  be 
expected that the initial kinetics of deposition will depend 
on the availability of such elements, to the carbon 
monoxide, as the film reaches chemical equilibrium with 
the lower oxygen potential of the operating environment. 
Jepson et a/. [13] report the presence of both iron and 
nickel in the carbon deposited on a pre-oxidised 20/25/Nb 
steel. As with the pure oxides, the steel surface 
fragm ented and particles form ed heads for individual 
carbon filaments. Since chromium, the m ajor constituent 
of the oxide on alloy steels [12], was not found in the 
carbon there is apparently some selectivity in the 
transport of the oxide fragments.
Deposition from  hydrocarbon atm ospheres is much less 
well understood than deposition from carbon monoxide 
and appears able to occur in both oxidising and reducing 
environm ents [2]. Evans et al. [14] have shown that iron 
oxides grow on an iron surface concurrently with carbon 
deposition, in marked contrast to the findings of 
Turkdogan and Vinters [7] that iron oxides are reduced 
prior to deposition from  CO. In other ways however 
the analogies with carbon deposition from  carbon mon­
oxide are very strong. Butane [15], m ethane [14], 
acetone [2,14,16,17] or more complex hydrocarbon 
mixtures* are all known to give filamentary carbon on a 
variety of substrates. The filaments have electron-dense 
heads as they do in deposits from  carbon monoxide but 
so far their composition is unknown [14]. Both Fe3C[2] 
and Fe30 4[15] have been identified as present in the 
carbon. It seems likely that the ‘heads’ are incorporated in 
the carbon as a result of mechanical damage of the oxide 
by the initial carbon deposition or carbide growth [14]. 
O ther possibilities are diffusion of su rface[17], or 
volatile [18], species of metals. How ever the fact that 
system s can be chosen to  give carbon deposition from  an 
environm ent which is oxidising towards the metal makes it 
much more difficult to decipher the process occurring 
during the ‘induction period’.
To assist our understanding of this period we set out to 
determ ine the elemental redistribution in the top 2 nm of 
thin oxide layers, prior to and during exposure to 
oxidising carbon depositing atm ospheres, by means of in 
situ  X-ray photoelectron spectroscopy (XPS) [19]. A  12 
per cent chromium steel and a 9 per cent nickel steel were 
used to highlight the contrasting activities of nickel and 
chromium. The experim ents were designed to reveal 
m ovem ent of those alloying elements through, or into, the 
oxide scale concurrently with the form ation of carbon 
deposits.
B etter m ethods for inhibition might also be found as a 
result of our increased knowledge of the composition of
*Edge, R. F. (British Gas Corp., Midlands Research Station)— 
Private Communication.
the oxide layer on which deposition initiates. M ethods for 
inhibiting both carbon deposition and the damage to  the 
underlying metal are as yet inadequate: sulphur com­
pounds in the gas phase [20] inhibit only as long as their 
supply remains uninterrupted.* Chromising the metal 
surface is effective but expensive.* Initial experiments 
undertaken in connection with these problems are 
described.
2. EXPERIMENTAL
The instrum ent used for all the studies reported here 
was the ESCA II spectrom eter (Vacuum Generators Ltd., 
England) which is equipped with a sample preparation 
cham ber and a tem perature controlled specimen probe. 
Specimens were irradiated with Al K a  radiation with a 
mean energy of 1486-7 eV. The analyser energy was 
normally 90 V, giving a resolution (measured as the peak 
width at half height) of the gold N v n  peak of 1 -66 eV. The 
count rate above background was 33,000 counts/sec. For 
higher resolution examination of individual peaks an 
analyser energy of 40 V was used, giving a resolution of 
l-26eV  and a count rate of 10,900 counts/sec. The 
correction for the contact potentials in the instrument was 
3-3 eV., giving C Is =  283-7 eV. It is believed that the 
sample depth contributing to the spectrum , for the range 
of photoelectron energies used in this study, is in the 
range 1-0-2-5 nm [21].
As a preliminary to this work, the metals chromium, 
iron and nickel were oxidised to known oxidation states 
and the ‘chemical’ shifts of the photoelectron peaks 
determined (Fig. 1). Whilst FeO could not be disting­
uished from  iron, both Fe30 4 and Fe20 3 had characteristic 
spectral shapes and positions (Table 1) and were readily 
separated. Conditions of the environm ents used in this 
study were such that neither FeO nor Fe20 3 were likely to 
form. Electrostatic charging of the specimen in the 
spectrom eter was investigated by comparison of data 
from  thin film oxides form ed in situ with that from  thick 
oxides and found to be negligible. Binding energies were 
normally measured relative to  the carbon peak; however, 
where there was doubt as to  the identity of a chemical 
state an extra check could be obtained by using the shifts 
of photoelectrons peaks relative to the Auger peaks [19].
Specimens were heated to reaction tem perature (in the 
range 350°-500°C, see figure captions) within the sample 
preparation chamber, cooled and transferred to the 
spectrom eter without exposure to air. Elemental distribu­
tions were determined in unadulterated C 0 2 and again 
after oxidation in the presence of acetone. Periods of 
vacuum  heat-treatm ent were interspersed with oxidation 
to discover whether redistribution of elements occurred in 
response to solid state reactions.
The test pieces were cut from 1 mm steel sheet of 
commercial grade and had overall dimensions of 9 mm x
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Table 1. Determination of standard values of binding energy
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Specimen
Temperature 
of oxidation 
(°C)
Time
(min.) Gas
Binding energies
IdentityFe
■ (eV) 
Cr Ni Mn
Evaporated Iron — — — 706-0 Fe
Evaporated Iron 500 10 C 0 2(I9) 708-5 Fe30 4
Evaporated Iron 500 15 0 2 710-2 Fe20 3
Pure Nickel ion-etched — — 851-6 Ni
Pure Nickel 800 10 o2 854-1 NiO
Iron-12 per cent . ion-etched — — 706-0 572-5 Fe, Cr
Chromium
Iron-12 per cent 500 15 co2 708-5 575-0 Fe30 4, Cr20 3
Chromium
Pure Manganese ion-etched —  ■ — 640-3 Mn
Manganese Dioxide — — 642-5 M n02
(BDH chemicals)
Nickel Chromium
860850 580570
Binding e n e r g y ,  eV
Iron
720700 710
Bin d in g  e n e r g y ,  eV
Fig. 1. Detail of the 2p photoelectron peaks of iron, nickel and 
chromium. The metal peaks were recorded after ion- 
bombardment of the surface, the oxide peaks being produced by 
oxidation under thermodynamically controlled conditions to give 
NiO, Cr20 3, Fe30 4. The oxide peaks have the higher binding 
energies in each case.
6 mm. Their compositions were:
chromium steel:- 12% Cr, 0-12% C, l% M n  
nickel steel:- 9-3% Ni, 0-07% C, 0-5% Mn
The surfaces were abraded to 600 SiC grit, and 
degreased in acetone followed by ethyl alcohol and wiped 
with tissue prior to mounting in the specim en holder. The 
tem perature of the specimen holder was m easured and 
controlled with a sheathed therm ocouple during runs. The 
tem perature of the specimen was separately calibrated 
against that of the holder for the pressures used in the 
study and corrected tem peratures are used in the text. The 
discrepancy was greatest in vacuo  and was then 200° at a 
nominal 700° holder tem perature. Once the specimen was 
inserted in the spectrom eter its air form ed oxide could be 
removed by argon ion bom bardm ent. Representative 
specimens were cleaned in this way, for purposes 
described in the results section, with ions at 5 kV and at 
20p,A beam  current. Otherwise specim ens were raised 
directly to reaction tem perature in vacuo 
( l-3 3 x  ](T5N/m 2). Carbon dioxide was used as the 
oxidant either at low pressure (=133 N /m 2), when it was 
derived from 1 / pyrex bulbs of BOC grade X, or at 
105 N /m 2 and flowing at 3 //h  from  an industrial cylinder.
Acetone was chosen as the pyrolysable additive for 
convenience in dosing and handling in association with 
the spectrom eter. M oreover, carbon form ed from  acetone 
is very similar both to that found in practice and to  that 
form ed from  m ethane [14,16]. It was added at the 1 per 
cent or the 25 per cent level from  saturating baths at 
known tem peratures. Even at the higher level the 
atm osphere would rem ain just oxidising with respect to 
iron assuming that the deposited carbon is unreactive.
To illustrate the cleanliness of the equipm ent and the 
reproducibility of the results we give in Fig. (2) the spectra 
from pure nickel (Johnson M atthey L td.) before and after 
heating in CO2 for 90 min. There is no significant oxygen 
or carbon pick up indicating that air and organic 
contam ination of the system  and gas is normally 
negligible.
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Fig. 2. Pure nickel, illustrating the cleanliness of the system; (a) 
surface as abraded, (b) after heating in C 0 2 for 90 min. For clarity 
in this and subsequent figures, peaks are labelled according to the 
following convention: C = Carbon Is, 0  = Oxygen Is, Cr = 
Chromium 2p3/2, Mn = Manganese 2p3/2, Fe = Iron 2p3/2, Ni = 
Nickel 2p3/2.
3. RESULTS
3.1 9  per cent N i steel
3.1.1 Oxidation in C 0 2. Oxidation of this steel in C 0 2 
(Grade X) at 133 N /m 2 and 350°C for \ \  hr gave magnetite, 
determ ined as described in section 2, of sufficient thickness 
( >  2-5 nm) to obscure both the underlying iron and nickel 
(Fig. 3). M anganese appeared in the surface oxide at a 
much, greater concentration than that expected from  the 
bulk composition. There was no evidence of the incorpora­
tion of nickel ions into the spinel structure of magnetite.
On reheating to 500°C in vacuo the surface concentra­
tion of manganese dioxide becam e even greater (instru­
m ental sensitivity to  manganese is approxim ately 0-6 its 
sensitivity to  iron). Simultaneously m agnetite was re­
duced to iron and nickel reappeared in the spectrum  (Fig.
3, curve c). Since the total oxygen in the analytical sample 
rem ained constant we conclude that the solid state 
reaction
2 Mn +  Fe30 4 =  3 Fe +  2 M n 0 2 (3)
provided the driving force for the enrichment of 
m anganese. Nickel would then appear by diffusion 
through the m etallic phase. W ork with thicker oxide 
layers showed that iron oxide reduction does not 
necessarily occur when m anganese is enriched by vacuum 
heat-treatm ent. The spectrum  in Fig. 4 was obtained from
130
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Fig. 3. Oxidation of the nickel steel. Detail of the nickel peaks 
inset: (a) surface as abraded, (b) heated in C 0 2 for 90 min at 350°C 
and 133 N/m2, (c) reheated in vacuo for 10 min at 500°C.
the nickel steel oxidised for 45 min in flowing C 0 2 at 
105 N /m 2 and 500°C and is very similar to  that obtained 
after oxidation at the lower tem perature and pressure. 
Further heating in vacuo (curve b) did not lead to 
reduction of magnetite nor, of more importance, to the 
reappearance of nickel.
3.1.2 Oxidation in the presence o f  acetone. Freshly 
polished test surfaces were heated to 600°C in flowing C 0 2 
at 105N/m 2 containing acetone at a partial pressure of 
either 1-OkN/m2 or 26-6 kN/m 2. A t the lower partial 
pressure there was no evidence of carbon deposition after 
10 min (Fig. 4, curve c). Iron again oxidised to magnetite 
and nickel was completely buried. One striking difference 
was that manganese showed no sign of surface enrichment 
in this atm osphere. The spectra in Fig. 5 were obtained by 
oxidation of the test pieces in C 0 2 containing the higher 
concentration of acetone. For the first time the carbon peak 
is seen to  grow as deposition proceeds. The underlying 
spectrum  remains that characteristic of oxidation in C 0 2. 
Again however the manganese signal is absent.
3.2 12 per cent chromium steel
3.2.1 Flowing COi. Because of its strong affinity for 
oxygen the surface concentration of chromium is very
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Fig. 4. Oxidation of the nickel steel. Details of the nickel peaks 
inset: (a) heated in C 0 2 for 45 min at 500°C and 105 N/m2, (b) 
reheated in vacuo for 90 min at 500°C, (c) heated at 500°C in C 02 at 
105 N/m2 containing 1-3 kN/m2 of acetone.
sensitive to the method of starting the experiment. W hen 
abraded specimens are heated in vacuo the surface be­
comes rich in chromium oxide and, as with the nickel steel, 
m anganese oxide. On exposure to carbon dioxide at 
105 N /m 2 this chromium is partly overgrown by Fe30 4 (Fig.
6) but the manganese peaks increase relative to those of 
chromium throughout the period of oxidation (Curve c, 
Fig. 6). The chromium peaks, by contrast with their 
behaviour prior to oxidation did not increase in intensity 
during the final vacuum heat-treatm ent. This may indicate 
that the surface chromium oxide is isolated from  th'e 
underlying metal.
3.2.2 C 0 2 + Acetone. In the presence of acetone at 
26-6 kN/m 2 carbon was deposited on the surface. Residual 
chromium oxide did not appear to be covered by carbon 
(Fig. 7). H ow ever although the iron signal fell significantly 
as the carbon signal increased it remained a prom inent 
feature of the spectrum  fo r runs of up to  120 min and was 
always present as magnetite. The carbon peak remained at 
the binding energy of graphite and there was no sign of 
reaction to produce carbides. Exam ination of the spectra 
from  four separate sequences of oxidation shows that, 
concurrently with the deposition of carbon, iron continues 
to oxidise and it is this oxide which overgrows the 
chromium oxide. For this alloy also manganese is elimi­
nated by the presence of acetone.
Fe
4 0 0  c.p.s.
(a)
(c)
6004002000
Binding e n er g y ,  eV
Fig. 5. Carbon deposition on the nickel steel: (a) heated in vacuo at 
500°C for 10 min, (b) heated at 500°C in C 0 2 at 105 N/m2 containing 
26-6 kN/m2 of acetone for 30 min, (c) as for (b), heated a total of 
90 min.
0
Mn
4 0 0  c.p.s.
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(b)
(c)
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0 200 400 600
Binding en er g y ,  eV
Fig. 6. Oxidation of the chromium steel: (a) heated in vacuo at 
500°C for 10 min, (b) heated at 500°C in Co2 at 105 N/m2 for 15 min, 
(c) as for (b), heated a total of 45 min, (d) reheated in vacuo at 500°C 
for 30 min.
28 J . E . C a s t l e  and M . J . D u r b in
Mn
4 0 0  c.p.s.
(a)
(b)
(c)
6004002000
Binding energy, eV
Fig. 7. Carbon deposition on the chromium steel: (a) heated in 
vacuo at 500°C for 10 min, (b) heated at 500°C in C 0 2 at 105 N/m2 
containing 26-6 kN/m2 of acetone for 30 min, (c) as for (b), heated a 
total of 120 min.
3.2.3 Ion etched substrates. The very high surface con­
centrations of chromium and manganese developed by 
heating in vacuo  Fig. 7a, are useful insofar as the com pet­
ing reactions of iron oxidation and carbon deposition are 
readily observed. However it is possible that this initial 
oxidation locks up a large proportion of the available 
chromium as unreactive oxide. The high surface concent­
ration of chromium does not develop on heating if the 
air-form ed film is first removed by in situ  argon ion 
bom bardm ent, Fig. 8. Oxidation of one such substrate in 26 
per cent ace tone/C 02 confirmed that there was no differ­
ence in oxidation behaviour from  that normally obtained 
w hen the room  tem perature film was left intact. Also as 
before manganese was eliminated by the presence of 
acetone, Fig. 8. Removal of the carbon overlayers by ion 
bom bardm ent revealed only magnetite.
In one chance run, however, the spectrom eter had 
previously been used for tests involving acetone and had 
not been baked out (normally the spectrom eter is baked 
out after runs with acetone); a specimen was therefore 
exposed to C 0 2 at 500°C in the spectrom eter when the 
atm osphere was contam inated with acetone vapour. In 
contrast to the spectra shown in Fig. 8, in this situation the 
chromium  peak became enhanced relative to the iron and 
it appeared that chromium had segregated to the 
outerm ost layer of the oxide scale (Fig. 9, curve (a)). In 
order to confirm this segregation, a depth profile of
Fe
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Fig. 8. Oxidation of the chromium steel: ion etched surfaces: (a) 
ion etched for 30 min after abrasion, (b) heated in vacuo at 500°C 
for 10 min, (c) heated at 500°C in C 0 2 at 105 N/m2 containing 26-6 
kN/m2 of acetone for 5 min.
chromium and iron content within the oxide was obtained 
by ion bom bardm ent of the surface, spectra being 
recorded at various stages in the process. The series of 
spectra obtained are again included in Fig. 9 (curves (a-c)) 
and show that chromium is at a maximum concentration 
in the outer layer, whereas an ion-etch sequence of 
spectra from  the “norm al” oxide invariably shows iron to 
be present in large quantities in the outer layer. This 
sequence of spectra also confirms the distribution of 
carbon throughout the oxide scale since our experience is 
that surface carbon contam ination is rapidly removed by 
ion etching. Exam ination of the carbon peak in detail 
shows no trace of a carbide structure and we conclude 
that elemental carbon is in some way incorporated into 
the growing oxide. N evertheless we were unable to 
produce this chromium distribution when carbon was 
deliberately added as a contam inant to ‘clean’ systems.
One further result should be reported. This run was 
carried out in C 0 2 saturated with acetone containing 
0-25 V per cent of CS2. The sample was ion etched and 
oxidised at 500° for 4-5 hr. The spectra of this sample also 
shows considerable chromium incorporation into the 
oxide layer; Fig. 9d. It seems possible that the ‘rogue’ 
result described above resulted from  sulphur contam ina­
tion of the surface.
4. DISCUSSION
By means of XPS we have been able to determine the 
distribution of the alloying elements in the oxide layer
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Fig. 9. Ion etching of the chromium steel to give a depth profile of 
element concentration: (a) heated at 500°C in C 02 at 105N/m2 
containing 26-6 kN/m2 of acetone for 130 min, (b) subsequently 
etched for 10 min at 5 kV and 20 juA ion current, (c) etched for a 
further 30 min at 5 kV and 20 fiA  ion current, (d) heated at 500°C in 
C 02 at 105 N/m2 containing 26-6 kN/m2 of acetone and 0-25 vol­
ume % CS2 for 250 min.
form ed on alloy steel in the induction period preceding 
carbon deposition by acetone pyrolysis and compare this 
with that obtained by oxidation in C 0 2. We find only one 
distinctive effect of organic molecules on the alloying 
element distribution during the induction period: i.e. 
manganese no longer appears as an oxide enriched at the 
oxide gas interface. The behaviour of nickel and of 
chromium is as predicted from  extant theories [22,23]. 
Chromium, although having a much greater free energy of 
oxidation than iron, is trapped at the base of a magnetite 
film as the oxide Cr20 3 [23,24]. Nickel is unable to oxidise 
or substitute in the spinel lattice at the oxygen potentials 
employed and segregates to  the metal/oxide interface in 
elemental form  [22]. W e could find no evidence to  suggest 
that nickel is able to diffuse across the magnetite, even 
after prolonged heating in vacuo.
A consequence of these alloying element distributions
*Hancock, P.—Private communication.
is that the substrates on which carbon'deposition actually 
took place all appeared to have remarkably similar 
compositions and yet as can be shown by scanning 
electron microscopy (Fig. 10) the morphologies and extent 
of deposition are quite different. W hilst it is true that small 
amounts of the alloying elements (less than the sub­
monolayer levels detectable by XPS) could be responsible 
for the different filament diam eter and distributions we 
believe it more likely that decomposition of the organic 
species is initiated at the base of the magnetite scale and 
in contact with the trapped nickel or chromia. This view­
point stems in part from  microprobe analysis of thick 
( >  1 ixm) carbon deposits which showed them  to contain 
iron and nickel in the proportions of the original alloy and 
partly from  findings of other workers who have shown 
both that oxide scales may be porous [25] and that carbon 
concentrates at the m etal/oxide interface [3,5]. The 
EPM A results would be in accord with a mechanical 
failure of the oxide and the underlying metal following 
acetone diffusion and decom position in m icropores [25]. 
To confirm that surface diffusion of metallic species does 
not play a m ajor role in the deposition mechanism carbon 
deposits were examined using the combination of ion 
etching and XPS described in the text. N o traces of 
metallic species were found. The different morphologies 
may result from  the influence of the alloying elem ent on 
the mechanical properties of the scale. H ow ever 
Hancock* has shown that the presence of nickel in a low 
carbon steel greatly improves the m echanical properties 
of the oxide layer. An alternative hypothesis that the 
distribution and diam eter of carbon filaments is deter­
mined by the distribution and size of pores in the oxides is 
therefore attractive. Pores giving molecular access to the 
underlying steel are much less likely to occur in chromium 
containing steels [24].
Results obtained in the presence of sulphur suggest also 
that there may be a synergistic behaviour of this elem ent 
with chromium. Whilst each elem ent alone is able to 
suppress filament form ation, sulphur also appears able to 
alter the chromium distribution in a m anner which may 
give more perm anent benefit. W e hope to comm ent 
further on this point in future papers. The behaviour of 
manganese in the presence of hydrocarbons is curious. 
Wild has shown that manganese is lost by volatilisation 
above 500°C in vacuo  [26]. By analogy, our results could be 
explained in term s of a volatile organom anganese 
component. We have however, been unable to  detect the 
elem ent in carbon deposits form ed dow nstream  o f the steel 
or in the effluent gas. A simple alternative explanation is 
that magnetite growth is accelerated in the  presence of 
hydrocarbons and swamps the selective diffusion and 
oxidation of manganese. The elem ent, which was present 
in both chromium and nickel steels, appears how ever to  
have little influence on carbon m orphology.
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Fig. 10. Typical morphologies of carbon deposits on different substrates: (a) example of industrial metal dusting 
corrosion on a stainless steel pipe x 5000, (b) deposit on pure iron from acetone at 700°C x 1000, (c) deposit on the 
nickel steel from acetone at 700°C x 500, (d) deposit on the chromium steel from  acetone at 700°C x 6000.
5. CONCLUSIONS
1. T he principal co nstituen t of the su rface  oxide on 
b o th  steels stud ied  w as m agnetite  Fe.i04.
2. F ailu re  m ay be initiated at the m etal in terface  by 
p en e tra tio n  of o rganic m olecules th rough  pores in the 
oxide.
3. C hrom ium  and nickel influence e ither (a) the 
m echanical p ro p erties  of the oxide o r (b) the d istribution  
and  d iam eter o f po res in the oxide scale.
4. S u lphur in the gas phase and chrom ium  m ay act 
synerg istically .
5. M anganese has no practical effect on carbon 
deposition  o r oxide grow th.
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CAR VOL. 13 NO. 1-C
Carbon deposition from acetone during oxidation of 
iron - the effects of chromium and nickel.
Abstract.
Carbon deposition on iron, and its alloys with nickel 
and chromium, has been produced by catalytic decomposition of 
acetone in carbon dioxide at 700°C® Nickel has been identified 
as the major promoter of carbon deposition under these conditions, 
although iron is also active® When the conditions favoured the 
occurrence of carbon deposition, the morphology of the magnetite 
formed was changed from a crystalline structure to a type 
resembling "breakaway” oxide® Filamentary carbon was formed in 
all cases, the diameter of the filaments being dependant on 
whether chromium was present or absent in the substrate material. 
Initiation of filamentary growth on these materials is discussed.
